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bandwidth mode. For these links, the same signaling rate is
used for both bandwidth modes to reduce latency that would
otherwise be caused by changing signaling rates. Also,
calibration information is generated for disabled links so that
these links may be quickly brought back into service.
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TIIE e
OR LINK CALIBRATION ™
 INDIZATEDR?

Ko NI

%

MERMORY CONTROLLER DEVICE
ANDIOR MEMORY DEVICE CALIBRATE
CONTROL UINKS AND DATA LINKS
G, FERIODICALLY CALIBRATE ENABLED LINKS,
ARD CALIBRATE DISABLED LINKS BASED ON
DESIGNATED ALGORITHM)

M“"M M%ﬁg‘(ﬁ(}&y,v -
< ACCESS INDICATED?

:t&i/

MEMORY CONTROLLER DEVICE BENDS
CONTROL INFORMATION TO MERMORY BEVICE
ViA ENABLED CONTROL BUS LINK{R)
{(E.0. SENGS COMMAND AND ADDRESS)

13T

£68%

3

MEMORY CONTROLLER DEVICE AND
MEMORY DEVICE TRANSFER TATA
VIA ENABLED DATA BUS LINKER)
{£.Q., FOR READ OR WRITE QRERATICN}
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MEMORY CONTROLLER DRVICE SENDS INDICATHION
OF CHA i GE I BANDRWIDTH S0DE TO MEMORY DEVICE
{£.05., SENUGS OPCQDE OVER CONRTROL BUS)

HIGHER
B MODE OR

< ~ LOWER B d{\i}i’;/r‘“ "
. 210

e

"

LOWER HIGHER

MEMORY CONTROLLER DEVICE | | MEMORY CONTROLLER DEVIGE
AND MEMORY DEVICE DHSABLE | | AND MEMORY DEVICE
DERIGNATED SURSET OF | | RE-ENABLES DISABLED
CONTROL AND DATALINKS | | CONTROL AND DATA LINKS
Al ety
MEMORY CONTROULER DEVICE | | MEMORY CONTROLLER DEVICE
AND MEMORY DEVICE ACTIVATE] | AND MEMORY DEVICE
SERIALZATION ANDIOR | | DEACTIVATE SERIALIZATION
DESERIALZATIONFOR | | AND/OR DESERIALIZATION FOR
DESIGNATED SUBSET OF | | DESIGNATED SUBSET OF
CONTROL AND DATALIKS | | CONTROL AND DATA u\;“ﬁ
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MAINTAIN ALL LINKE ENABLED WHILE QPERATING
IN FIRST MODE {(E.G. HIGHEST BANDWIDTH MODRE)

i

RE?"E}’&?EQW G 5\&%8?&?& %:&m'i ENABLED LINK

iw:@?if\%&"?i{}?\i F{'}? ,9&{* % § W}{ AND Q}?QA?'&;: ??*N{E
ADRISTHENT VALLEE FOR FACH LINK BASED O
CORRESPORIMNG CALIBRATION INFORMATION)

SWITCH TO SECOND MQDE <\ {3 LOWER BANDWIDTH MQDE}

; @

CHOARLE AT LEAST ONE OF THE LINKS WHILE
MANTAINING THE REMAINING LINKS ENABLE
{£.G, LINK O ENABLED AND UINKS 1- 3 HBABLED
28
REPEATEDRLY INVOKE CALIBRATION FOR EACH ENABLED LIRK
{E.G., GENERATE ABBOLUTE VALUE OR RELATIVE VALUE}

:

CALUBRATE MSABLED LINKIS) BARRD
ON CALIBRATION FOR ENABLED LINKIS)
8.5, USE CALIBRATION INFORMATION FROVIDEDR
FOR ENABLERD LINKQ TOUPDATE T EN
ARJUSTMENT VALUE FOR DISABLED LNKE 1- 8

he 3 s

FIG. 5
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DETERMINE THAT CALIBRATION ORERATION
FOR DISABLED LINK IS TO COMMENCE
{03, CALUBRATION PERFORMED PRRIQDICALLY}

ity

I

TEMPORARLY ENABLE THE LINK FOR CALIBRATION

;

PERFORM CAUBRATION TEST
(E.6., LOOPRACK CALIBRATION PATTERN BETWEEN
MEMORY CONTROLLER DEVIGE AND MEMORY DEVIGE,
DETERMINE PHASE DIFFERENCE BASED ON LOOPED-BACK
PATTERN, FROVIDE CALIBRATION INFORMATION FOR
DISABLED LINK BASED ON PHASE DIFFERENCE)

:

ADJUST PHASE CALIBRATION FOR DISABLED
LINK BASED ON CALIBRATION INFORMATION

é

RE-DISABLE THE LINK

FiG. 7
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DETERMINE THAT CALIBRATION OPERATION
FOR DISABLED LINK 18 TO COMMENCE
{43, RECEVED INDICATION OF URCOMING TRANSITION
TO HIGHER BANDWIDTH MODE)}

!

ENABLE THE LINK FOR CALIBRATION

'

FERFORM CALIBRATION TESRT
{E.G, LOOPBADK CALIBRATION PATTERN BETWEEN
SMEMORY CONTROULER DEVICE ARD MEMORY DEVICE,
DETERMINE PHASE DHFFERENCE BASED ON LOOPELR-BALK
PATTERN, PROVIDE CALIBRATION INFORMATION FOR
DISABLED LINK BASED ON PHASE DIFFERENCE)}

é

UPDATE TIVING ARJUSTMENT VALUE FOR [HSARLER
LINK BASED ON CALIBRATION INFORMATION

S8

£

TRANSITION TQ DIFFERENT MODE
{E.G., BIGHER BANDWIDTH MODE)

FIG. 8
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FROVIDE INDHCATION QF CHANGE IN BANDWIDTH MODRE ANRIR \éﬁi LATION QF CHANGE
%x; WHETHER SIGNALS ARE ROUTED (K PARALLEL OR IN BERIES, IF APPLICABLE
(.G, MEMORY CONTROULER PROVIDES CONTROL INFORNMAT (3?\2 {E.G., GRGLEE)
AND BENDS CONTROL RFORMATION OVER CONTROL LINK {£.6., CABUS;

TO MEMORY DEVICE)

158

GENERATE CONTROL SIGHNALS 10 CONTROL TRANSITION BETWEEN BANDWIDTH MODES
{£.G, MEMORY CONTROLLER é.mi\iER%TEQ {? ONTROL SIGHALS TO SWITCH
BANDWIDTH MQDES BASED OGN RECEIFT OF INDICATION FROM R0C,
MEMORY DEVICE GENERATES CONTROL Si&‘\‘ﬂ\&w TO SWITCH BARDWIDTH MODES
HASED ON BECEIFT OF INDICATION FROM MEMORY CONTROLLER}

1504

¢

ENABLE OR DISABLE UINES BASED ON CONTROL SIGRALS
{£.G., CUTORFF POWER FOR COMPONENTS OF DISABLED LINKE,
SET ORIVE CIRCIHTE T DRIVE ENABLED LIRKE, F APPLICABLE, ARD
SET RECEIVER CIRCIHTS TO RECE ‘ae’i:* a}“*«i ENABLED LINKS, I APPLICARLES

i

?FL? CT BETWEEN ROUTING SIGNALS IN PARALLEL OR IN SERIES
Qb{fﬁj ALL SIGNALE N PAF%&\ LEL rf}?i HIGHEST BANDWIDTH MODE;
‘wi“?‘\iff&i ZE SIGNALS FROM DISABLED LINKS ONTO ENABLED LINK
FOR LOWER BANDY ?fm“i; MODE)
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je

CONFIGURE CALIBRATION OPERATIONS FOR CURRENT BANDWIDTH MODE
(E.G., ACTIVATE DISABLED LINK CALIBRATION PROCEDURES
FOR LOWER BANDWIDTH MQDES)

LY

s

AT

é

CONTROL INFORMATION FOR MEMORY ACCESS PROVIDED ON CONTROL LINKE)
{E.G, MEMORY CONTROLLER SENERATES CAWNFORMATION
AN SENDE TO MEMORY DEVICE;
FOR LOVWER BANDWIDTH MODE, MEMORY CONTROLLER TRANBMITS
SERIALIZED CONTROL SNFORMATION ON ENABLED UNKG) AND
MEMORY DEVICE DESERIALIZES RECEVED CONTROU INFORMATION)

é

DATAFOR MEMORY ACCESS EXCHANGED OGN DATA BUR
{£.G,, FUR LOWER BARDWIHTH MOUE WRITE OPERATION, MEMORY CONTHROLLER
TRANSKITS SERIALIZED WRITE DATA ON ENABLED LINK{S] AND MEMORY DEVICE
DESERIALIZES RECEIVED WRITE BATA, FOR LOWER BANDWIDTH MODE READ
SPFERATION, MEMORY GEVCE TRANSMITS SERIAMEED REALD DATA ON ENABLED
LINKB{S)Y AND MEMORY CONTROULER DESERIALIZER RECEWED READ DATA)

FIG. 16
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1
DYNAMICALLY CHANGING DATA ACCESS
BANDWIDTH BY SELECTIVELY ENABLING
AND DISABLING DATA LINKS

TECHNICAL FIELD

This application relates generally to data access technol-
ogy and more specifically, but not exclusively, to dynami-
cally switching bandwidth for memory accesses.

BACKGROUND

Some computing platforms that have high performance
requirements also have significant power constraints. For
example, portable computing devices such as cell phones,
tablets, and laptops occasionally run processing intensive
applications such as video applications, gaming applica-
tions, and so on. However, it is imperative that such devices
consume as little power as possible to provide a long battery
life between charges.

To address this issue, conventional portable devices
employ different power modes whereby a device switches
between a high power mode and a low power mode depend-
ing on whether significant processing resources are currently
required. To facilitate these different power modes, a device
may restrict the use of high speed data transfers to the high
power mode, and use lower data transfer speeds during the
low power mode since lower data transfer speeds generally
result in lower power consumption. Since mobile devices
conventionally use uncalibrated and unterminated signaling,
the switching between different data transfer rates is done
relatively quickly and, as a result, does not generally result
in a latency penalty.

As the performance capabilities of mobile devices
increase, there is a corresponding need to support higher
speed data transfers. Higher data transfer speeds are
achieved through the use of wider data busses and/or faster
signaling rates. In certain platforms, the use of faster sig-
naling rates is preferred due to disadvantages that are
associated with the use of wider data busses. For example,
a portable device may employ a system-on-a-chip (SoC) that
maintains data in a separate integrated circuit. In such a case,
it is desirable to have a low pin count and hence, narrower
data busses, so that the sizes of the integrated circuits are
kept as small as possible. Moreover, the use of a larger
number of off-chip links (e.g., signal paths) generally results
in higher power consumption.

To meet the stricter timing requirements associated with
the use of higher signaling rates, calibrated and terminated
signaling may be employed. However, the use of calibrated
and terminated signaling may cause latency issues in imple-
mentations that switch between different signaling rates to
accommodate different power modes. For example, it may
take 300 nanoseconds or longer to recalibrate a link. As a
result, the latency associated with calibrating a link for a
new signaling rate may exceed the maximum latency period
of applications that have high quality of service (QoS)
requirements. Consequently, there is a need for improved
data transfer techniques that are able to support high per-
formance data transfers while also facilitating low power
consumption.

BRIEF DESCRIPTION OF THE DRAWINGS

Sample features, aspects and advantages of the disclosure
will be described in the detailed description and appended
claims that follow and the accompanying drawings,
wherein:
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FIGS. 1A-1D are simplified block diagrams of different
embodiments of a memory system operable to dynamically
change memory access bandwidth by disabling and enabling
control links and/or data links;

FIGS. 2 and 3 are a flowchart of an embodiment of
operations performed in conjunction with dynamically
changing memory access bandwidth;

FIG. 4A is a simplified block diagram of an embodiment
of'a memory controller device that illustrates an example of
dynamically enabling and disabling individual links and
dynamically changing serialization gearing;

FIG. 4B is a simplified block diagram of an embodiment
of a memory device that illustrates an example of dynami-
cally enabling and disabling individual links and dynami-
cally changing serialization gearing;

FIG. 5 is a flowchart of an embodiment of operations
performed in conjunction with calibrating a disabled link
based on calibration information provided for an enabled
link;

FIG. 6 is a simplified block diagram of an embodiment of
circuitry for calibrating a disabled link based on calibration
information provided for an enabled link;

FIG. 7 is a flowchart of an embodiment of operations
performed in conjunction with calibrating a disabled link by
periodically enabling the link on a temporary basis to
perform calibration operations on the link;

FIG. 8 is a flowchart of an embodiment of operations
performed in conjunction with calibrating a disabled link by
enabling the link prior to a switch to a different mode of
operation;

FIG. 9 is a simplified block diagram of an embodiment of
a memory system operable to dynamically change memory
access bandwidth by disabling and enabling control links
and/or data links;

FIG. 10 is a simplified diagram illustrating an example of
switching between a high bandwidth mode and a low
bandwidth mode on a control channel and a data channel;

FIG. 11 is a simplified timing diagram illustrating an
example of switching from a high bandwidth mode to a low
bandwidth mode on a control channel and a data channel;

FIG. 12 is a simplified timing diagram illustrating an
example of switching from a low bandwidth mode to a high
bandwidth mode on a control channel and a data channel;

FIG. 13 is a simplified block diagram of an embodiment
of circuitry for providing bit-wise enabling/disabling of
links, serialization gearing on conjunction with the enabling/
disabling of the links, and phase calibration for enabled and
disabled links.

FIG. 14 is a simplified block diagram illustrating embodi-
ments of apparatuses operable to dynamically change
memory access bandwidth by disabling and enabling control
links and/or data links; and

FIGS. 15 and 16 are a flowchart illustrating examples of
operations performed in conjunction with dynamically
changing memory access bandwidth.

FIG. 17 that illustrates an example of a control packet set.

In accordance with common practice the various features
illustrated in the drawings may not be drawn to scale.
Accordingly, the dimensions of the various features may be
arbitrarily expanded or reduced for clarity. In addition, some
of the drawings are simplified for clarity. Thus, the drawings
may not depict all of the components of a given apparatus or
method. Finally, like reference numerals are used to denote
like features throughout the specification and figures.

DETAILED DESCRIPTION

The disclosure relates in some aspects to dynamically
changing the bandwidth used for information transfers
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between devices in a system to accommodate transitions
between lower and higher power modes employed in the
system. The devices change the bandwidth by selectively
enabling and disabling individual control links and/or data
links that carry the information. During a high power mode
for the system, all of the data and control links are enabled
to provide a maximum rate of information transfer between
devices. Hence, the devices are said to operate in a high
bandwidth mode in this case since the information transfers
(e.g., for data bits and/or control bits) between devices occur
at a higher bandwidth as compared to lower bandwidth
modes. During one or more lower power modes for the
system, at least one data link and/or at least one control link
is operated in a manner to reduce the power consumption of
the devices. In some embodiments, a link is disabled to
reduce power consumption. In other embodiments, a link is
operated at a lower signaling rate to reduce power consump-
tion. Hence, the devices are said to operate in a lower
bandwidth mode in each of these cases since information is
transferred between the devices at a lower rate (i.e., at a
lower bandwidth) as compared to a higher bandwidth mode.

At least one data link and at least one control link remain
enabled during each lower bandwidth mode. Advanta-
geously, for each link that remains enabled during the lower
and higher bandwidth modes, the same signaling rate is used
on that link for each bandwidth mode. Consequently, sig-
nificant latency penalties are not incurred on that link as a
result of switching between different bandwidth modes. In
this way, strict latency requirements of certain high QoS
applications are met while still providing a mechanism to
reduce power consumption of the devices, even for cases
where the links use calibrated and terminated signaling. In
addition, since at least one control link remains enabled for
all bandwidth modes, such a control link is advantageously
used by the devices in some implementations to synchronize
changes in bandwidth modes.

Also, several optional techniques are disclosed for cali-
brating links when they are disabled so that these links are
quickly brought back into service when there is a switch to
a higher bandwidth mode. Thus, upon re-enabling a disabled
link, the calibration information for the link will be suffi-
ciently up-to-date so that the link can either be used imme-
diately without the need for any further calibration or used
after a short delay associated with conducting a minor
calibration adjustment (i.e., that takes less time than a full
calibration adjustment). In this way, latency penalties that
would otherwise be incurred when the links are re-enabled
are avoided. That is to say, in some embodiments, links are
maintained in a manner where when a higher bandwidth
mode is resumed, there is no immediate calibration prereq-
uisite (even for very high speed signaling, e.g., >~5 Gpbs per
link). The disclosed -calibration techniques also are
employed in some embodiments where a lower bandwidth
mode involves operating one or more links at a lower
signaling rate. Again, this avoids the need for an immediate
full calibration procedure when a link is switched back to a
higher signaling rate since calibration information is already
maintained or available for operating the link at the higher
signaling rate. Thus, potential calibration penalties for very
high speed operation are mitigated (e.g., eliminated or
reduced).

The teaching herein may be implemented using various
modes of operation, various techniques for enabling and
disabling signaling links, various techniques for operating
links at different signaling rates, and various functionality
that supports these modes of operation, these techniques for
enabling and disabling links, and these techniques for
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increasing and decreasing link signaling rates. For purposes
of illustration, several examples of such variations are
described below in the context of embodiments where at
least one link is enabled or disabled to change the bandwidth
used for information transfers. It should be understood that
in other embodiments these examples would involve, for
example, increasing or decreasing the signaling rate of at
least one link to change the bandwidth used for information
transfers.

The description that follows illustrates different imple-
mentations that employ a different number of bandwidth
modes. Some implementations employ two bandwidth
modes: a high bandwidth mode and a low bandwidth mode.
Some implementations employ multiple bandwidth modes
where all links are enabled for the highest bandwidth mode,
one or more of these links are disabled for a lower band-
width mode, and still more of these links are disabled for an
even lower bandwidth mode.

The description that follows also illustrates different
implementations that dynamically enable and disable differ-
ent types of signaling links. In some implementations, both
control links and data links are dynamically enabled and
disabled depending on the mode of operation. In other
implementations, only data links are dynamically enabled
and disabled. In still other implementations, only control
links are dynamically enabled and disabled. Other types of
signaling links also may be dynamically enabled and dis-
abled in accordance with the teachings herein.

Signaling links are enabled and disabled in different ways
in different implementations taught herein. In some imple-
mentations, each link is enabled and disabled independently
of any other link. That is, each link has its own dedicated
control signal. Conversely, in other implementations, two or
more links are enabled and disabled in unison (e.g., by
operation of a single control signal).

Several examples of calibration techniques for disabled
links are described herein. Each of these calibration tech-
niques is optional and, therefore, need not be employed in a
given implementation.

Different techniques are described for sending control
information from one apparatus (e.g., an integrated circuit)
to another. In some implementations, all control information
is sent over control links that are dynamically enabled and
disabled. In other implementations, some control informa-
tion is sent over one or more sideband links.

The teachings herein are typically implemented in
memory components such as a memory controller and a
memory device (e.g., a DRAM). These memory compo-
nents, in turn, are advantageously employed in applications
where it is desirable to reduce power consumption as much
as possible. For example, a memory system including
memory components constructed in accordance with the
teachings herein may be incorporated into mobile devices
such as cell phones, smart phones, portable computers,
personal entertainment devices, and so on. In some embodi-
ments the memory controller and the memory device are
embodied in separate integrated circuits. In other embodi-
ments, the memory controller and the memory device are
collocated on a single die or a single integrated circuit.

For purposes of illustration, various embodiments are
described in the description that follows in the context of a
memory system including a first integrated circuit and a
second integrated circuit. It should be appreciated that the
disclosed concepts may be implemented in other configu-
rations and using other types of apparatuses.

High-Level Embodiment Examples

FIGS. 1A-1D illustrate four different implementations
based on the teachings herein. The components of the
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integrated circuit devices of FIGS. 1A-1D represent func-
tionality implemented in a memory controller device, a
memory device, or some other type of device. In general, the
described functionality is incorporated into a complemen-
tary pair of interconnected devices (e.g., a memory control-
ler device and a memory device) whereby the devices
change bandwidth modes in synchronization. In each of
FIGS. 1A-1D, the solid blocks represent the main compo-
nents of that implementation while the dashed bocks repre-
sent optional components. Also, in the different figures,
similar blocks are identified by similar reference designa-
tions (i.e., an A, B, C, or D is appended to a common
reference number to distinguish embodiments).

FIG. 1A illustrates a system 100A that employs different
bandwidth modes to transfer data between an integrated
circuit device 102A and an integrated circuit device 104A.
To enable the devices 102A and 104A to efficiently syn-
chronize to any changes in the current bandwidth mode,
control information that provides an indication of any tran-
sitions in the bandwidth mode is also transferred between
the devices 102A and 104A. As used herein, terminology of
the form “transfer information between devices” means send
information from one device to the other, receive informa-
tion at a device from another device, or both.

The device 102A includes a data interface circuit 106 A for
transferring data between the device 102A and the device
104A over a signaling channel comprising a plurality of data
links 108A. The data links 108A and any other links
described herein are typically implemented as conductive
traces mounted on and/or installed within a substrate mate-
rial such as a printed circuit board or silicon. During a given
bandwidth mode, the data is transferred between the devices
102A and 104 A via one or more of the plurality of data links
108A. For outgoing data, the device 102A sends data 110A
provided by another component (not shown) of the device
102A to the device 104A via the data link(s) 108A. These
devices can be, to cite one illustrative example, a memory
controller (102A), a host device (not shown) and a DRAM
or other memory device (104A). For incoming data, the
device 102A receives data from the device 104A via the data
link(s) 108A to provide data 110A to another component
(not shown) of the device 102A. As discussed in more detail
below in conjunction with FIGS. 4A and 4B, individual bits
of the data 110A are concurrently routed in parallel over
(i.e., across) a number of internal links (e.g., 4) within the
device 102A.

The devices 102A and 104A disable one or more of the
data links 108 A during the lower bandwidth modes. As used
herein, terminology of the form “disable a link” means that
at least one component used to send information via the link
and/or at least one component used to receive information
via the link is disabled in some manner (e.g., as discussed in
more detail below). The number of data links 108 A used to
transfer data between the devices 102A and 104A in the
different bandwidth modes depends on how the bandwidth
modes are configured. Several examples follow. It should be
understood that other configurations are possible.

A typical implementation employs two bandwidth modes:
a highest possible bandwidth mode and a lowest possible
bandwidth mode. In this case, all of the data links 108A (e.g.,
four links) are enabled for data transfers during the high
bandwidth mode and only one of the data links 108A is
enabled for data transfers during the low bandwidth mode.

Another implementation employs two bandwidth modes:
a highest possible bandwidth mode and a lower (but not the
lowest possible) bandwidth mode. In this case, all of the data
links 108A are enabled for data transfers during the high
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bandwidth mode and more than one but less than all of the
data links 108A (e.g., two links) are enabled for data
transfers during the low bandwidth mode.

Yet another implementation employs three bandwidth
modes: a highest possible bandwidth mode, a lower band-
width mode, and a lowest possible bandwidth mode. In this
case, all of the data links 108A are enabled for data transfers
during the high bandwidth mode, more than one but less
than all of the data links 108 A are enabled for data transfers
during the lower bandwidth mode, and only one of the data
links 108A is enabled for data transfers during the lowest
bandwidth mode.

The device 102A includes a control interface circuit 112A
for transferring control information between the device
102A and the device 104A. In some aspects, this control
information enables the devices 102A and 104 A to dynami-
cally synchronize to any changes in the bandwidth mode.
For example, in some implementations, upon receiving an
indication (e.g., from an associated processor, not shown)
that the system 100A is to switch from a higher power mode
to a lower power mode, the device 102A commences opera-
tions to switch to a lower bandwidth mode. This involves,
for example, reconfiguration operations such as disabling
one or more of the data links 108A, and invoking at least
partial serialization to multiplex the data 110A from the
parallel internal links onto fewer links for transmission via
the currently enabled data link(s) 108A or invoking at least
partial deserialization to demultiplex data received via the
currently enabled data link(s) 108 A to provide the data 110A
on the designated number of parallel internal links. In
conjunction with these reconfiguration operations, the
device 102A provides an indication of the switch to a lower
bandwidth mode, whereby the control interface circuit 112A
sends the indication to the device 104A. Upon receiving this
indication, the device 104A invokes appropriate reconfigu-
ration operations such disabling one or more of the data links
108 A from its end, and invoking appropriate serialization or
deserialization to accommodate this disabling of the data
link(s) 108A. To this end, the device 104A includes a
complementary control circuit (not shown) that generates
control signals for controlling these operations based on the
received indication.

As discussed in more detail below, in some implementa-
tions, the disabling of a link involves one or more of cutting
off power to a link transmitter circuit, cutting off power to a
link receiver circuit, or disabling a clock signal to a link
circuit. Accordingly, the devices 102A and 104A will con-
sume less power in a lower bandwidth mode where one or
more links are disabled as compared to a higher bandwidth
mode where these links are not disabled.

In some implementations, the control information is trans-
ferred between the devices 102A and 104A via one or more
control links that are used to carry other control information.
For example, in such an implementation where the device
102A embodies a memory controller, the device 104A
embodies a memory device, and the memory controller
sends instructions and memory addresses over command/
address (CA) links to access data from the memory device,
the link(s) 114A correspond to these CA links.

The system 100A optionally employs different bandwidth
modes to transfer control information between the devices
102A and 104A. In this case, the control interface circuit
112A disables one or more of the links 114A during lower
bandwidth modes. The number of links 114A used to trans-
fer control information between the devices 102A and 104A
in the different bandwidth modes depends on how the
bandwidth modes are configured as discussed above for the
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data links 108A. The control interface circuit 112A also
employs similar functionality as described above (for the
data interface circuit 106A) to enable and disable the links
114A. Also, to accommodate the enabling and disabling of
the links 114A in this case, the device 102A provides
serialization or deserialization (not shown) similar to that
described above. Furthermore, the device 104A will include
complementary functionality to enable and disable the links
114A from that end and provide appropriate serialization and
deserialization to accommodate the manner in which the
control information is transferred over the links 114A in the
different bandwidth modes.

In other implementations, the control information is trans-
ferred between the devices 102A and 104A via one or more
sideband links. In such a case, the link(s) 114A correspond
to the sideband link(s) and the device 102A transfers other
control information (e.g., CA information) via one or more
other control links (not shown).

The device 102A optionally includes a control circuit
116A. In some implementations, the control circuit 116A
generates control signals 118A. The control signals 118A
control the enabling and disabling of the links between the
devices 102A and 104A and optionally control the serial-
ization and deserialization of a steering circuit 122A. In
some implementations, the control circuit 116A generates
control information 120A to be sent to the device 104A
and/or processes control information 120A that was received
from the device 104A. The control information 120A com-
prises an indication of a transition to a different bandwidth
mode. In some implementations (e.g., where the device 102
is a memory controller), the control circuit 116 A generates
the control signals 118A and/or the control information
120A as a result of receiving a signal indicating a transition
to a higher or lower power mode. For example, this indica-
tion could be from a host device such as a master CPU,
either coresident with the memory controller or on a separate
die from the memory controller. In other implementations
(e.g., where the device 102 is a memory device), the control
circuit 116A generates the control signals 118A based on a
bandwidth mode indication (e.g., an opcode) received from
a memory controller.

The device 102A optionally includes a steering circuit
122A that provides serialization and deserialization for data
transfers between the data interface circuit 106A and another
component (not shown) of the device 102A that sends or
receives the data 110A. The steering circuit 122A provides
different levels of serialization or deserialization for data bit
transfers during different bandwidth modes. For example,
during a higher bandwidth mode, the steering circuit 122A
concurrently transfers a set of bits in parallel over a plurality
of signaling links (i.e., two or more) while, during a lower
bandwidth mode, this same set of bits is serially transferred
over a common (i.e., the same) signaling link. It should be
understood that different parallelization-to-serialization
ratios are employed for different bandwidth mode configu-
rations. In a system with 4 links, parallelization-to-serial-
ization link ratios of 4:1, 4:2, 4:3, 3:1, 3:2, and 2:1 are
possible. These ratios illustrate that serialization provided by
the steering circuit 122A may result in some of the bits being
concurrently transmitted over more than one link in some
cases. These ratios also illustrate that a parallel transfer
provided by the steering circuit 122A involves a transfer
over less than all of the available links in some cases. Hence,
the terms parallel and serial are relative here. A more
detailed example of the functionality of the steering circuit
122A is described below at FIGS. 4A and 4B.
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The device 102A optionally includes a calibration circuit
124 A for calibrating enabled or disabled links (e.g., updating
timing adjustment value(s) for these links). Examples of the
functionality of the calibration circuit 124 A are described in
conjunction with FIG. 1B that follows.

System 100B of FIG. 1B illustrates an implementation
that employs a calibration circuit 124B to update calibration-
related information for links. As in the system 100A, this
implementation employs different bandwidth modes to
transfer data between an integrated circuit device 102B and
an integrated circuit device 104B via data links 108B. Thus,
whenever one of the data links 108B is disabled during a
lower bandwidth mode, the calibration circuit 124B keeps
the calibration for this link up-to-date. This, in turn, enables
the link to be quickly brought back into service when there
is a switch to a higher bandwidth mode since the link will not
need further calibration or will be fully calibrated upon
invocation of a relatively short calibration procedure.

The calibration circuit 124B generates timing adjustment
values (e.g., phase information) for each of the data links
108B. The timing adjustment value for a given link specifies
a phase shift to be imparted on a signal on that link. In the
example of FIG. 1B, this phase shift is imparted by a
component of the data interface circuit 106B as described in
more detail below at FIGS. 6 and 13. In a typical imple-
mentation, a unique timing adjustment value is generated for
each link. In other implementations, two or more links (e.g.,
links with matched trace routing on a printed circuit board)
use the same timing adjustment value.

Examples of calibration operations performed by the
calibration circuit 124B include: 1) updating timing adjust-
ment values for a disabled link based on timing adjustment
values generated for an enabled link; 2) temporarily
enabling a disabled link during a lower bandwidth mode to
calibrate the link; or 3) calibrating a disabled link just before
a switch to a higher bandwidth mode that uses the link.
These calibration operations are described in more detail
below at FIGS. 5-8. In each of these embodiments, the
calibration circuit 124B can also optionally be used to
periodically calibrate enabled links.

The integrated circuit device 102B optionally includes a
control interface circuit 112B for transferring control infor-
mation between the device 1026 and the device 1046 via
link(s) 1146, where the control information provides an
indication of transitions in the bandwidth mode. As dis-
cussed above, such an indication is employed to dynami-
cally synchronize changes in the bandwidth mode employed
at a given point in time by the devices 1026 and 104B. The
link(s) 114B comprise one or more sideband links or some
other type of link (e.g., CA links).

The calibration circuit 124B optionally updates calibra-
tion-related information for any control links that are dis-
abled. Calibration of disable control links is provided, for
example, in a implementation that employs a control inter-
face circuit 1126 that dynamically enables and disables links
1146 to provide different bandwidth modes for transferring
control information between the devices 102B and 104B as
described above for FIG. 1A.

The integrated circuit device 102B also optionally
includes a control circuit 1166 and/or a steering circuit 1226.
The operations of these components correspond to the
corresponding components described above at FIG. 1A and
include, for example, generating or using control signals
118B and generating or using control information 120B.

System 100C of FIG. 1C illustrates an implementation
that employs individually enabled parallel drivers tied to
serialization gearing to provide different bandwidth modes,
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where control information transferred between devices pro-
vides an indication of transitions in the bandwidth mode. An
integrated circuit device 102C includes driver circuits 126C
that transfer data to an integrated circuit device 104C via a
plurality of signaling links 108C. Each driver circuit 126C
is enabled or disabled based on a control signal provided to
that driver circuit. It should be understood that even though
the drivers are individually enabled and disabled, in some
implementations a single control signal is used to enable and
disable a group of drivers.

A steering circuit 122C selects between: 1) concurrently
routing data 110C in parallel to all of the driver circuits 126C
(e.g., that drive four signaling links: links 0-3) if all of the
driver circuits 126C are enabled; and 2) employing serial-
ization to route the data 110C to a first subset of the drivers
circuits 126C (e.g., that drives link 0) if a second subset of
the driver circuits 126C (e.g., that drive links 1-3) are
disabled. In this way, the device 102C provides outgoing
data (e.g., for a write operation) to the currently enabled
driver circuits 126C which then drive the data on the
appropriate signaling links 108C for a given bandwidth
mode. The steering circuit 126C performs complementary
operations to provide the data 110C (e.g., for a read opera-
tion) when receiving data from the device 104C via inde-
pendently enabled parallel receiver circuits (not shown)
coupled to the signaling links 108C. It should be understood
that the above-described act of selecting between routing
data to all drivers circuit and routing data to a first subset of
the data circuits does not preclude the use of at least one
other optional selection to route data to some other subset.
Also, it should be understood that the terms parallel and
serial (and serialization) are relative terms. “Parallel” rout-
ing mentioned above may include sets of bits that are serially
transmitted on a given link; “serialization™ refers to the
notion that when one or more links are disabled, the same
volume of data is generally transmitted responsive to a
command using a relatively smaller number of links, and
thus involves a greater degree of serialization than when the
same data is conveyed across in a more distributed manner,
via a larger number of links.

A control circuit 116C transfers (i.e., sends and/or
receives) the above-referenced control information between
the device 102C and 104C. In some implementations where
the device 102C is a memory controller, the control circuit
116C generates the control information 120C that is sent to
the device 104C via control link(s) 114C to provide an
indication of a transition in the bandwidth mode. In some
implementations where the device 102C is a memory
device, the control circuit 116C receives the control infor-
mation 120C that is sent from the device 104C via the
control link(s) 114C and optionally uses this information to
generate control signals 118C that configure the steering
circuit 122C and the driver circuits 126C for the designated
bandwidth mode.

The device 102C optionally includes parallel driver or
receiver circuits 128C tied to serialization for transferring
control information between the device 102 and the device
104B via link(s) 114; the driver or receiver circuits 128C are
independently enabled to provide different bandwidth
modes for control information transfers. The circuits 128C
comprise driver circuits, for example, in an implementation
where the device 102C is a memory controller that sends
control information to a memory device. The circuits 128C
comprise receiver circuits, for example, in an implementa-
tion where the device 102C is a memory device that receives
control information from a memory controller.
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The device 102A optionally includes a calibration circuit
124C for calibrating disabled links. The functionality of the
calibration circuit 124C corresponds to the functionality of
the calibration circuit 124B discussed above. The calibration
circuit 124C optionally updates calibration-related informa-
tion for any control links that are disabled. Calibration of
disable control links is provided, for example, in a imple-
mentation that employs driver or receiver circuits 128C that
dynamically enable and disable links 114C to provide dif-
ferent bandwidth modes for transferring control information
between the devices 102C and 104C.

System 100D of FIG. 1D illustrates an implementation
that employs a calibration circuit 124D to update calibra-
tion-related information for disabled links. As in the system
100C, an integrated circuit device 102D includes indepen-
dently enabled driver circuits 126D that transfer data to an
integrated circuit device 104D via different signaling links
108D in different bandwidth modes. Thus, the calibration
circuit 124D updates timing adjustment values for any driver
circuits 126D that are disabled during a lower bandwidth
mode. The calibration circuit 124D performs calibration
procedures as discussed above in conjunction with FIG. 1B.
The device 102D also includes a steering circuit 126D that
corresponds to the steering circuit 126C of FIG. 1C. Thus,
the steering circuit 126D provides serialization, as neces-
sary, for outgoing data 110D to route the data to the currently
enabled driver circuits 126C for a given bandwidth mode,
and optionally provides deserialization for incoming data
received via independently enabled receiver circuits (not
shown).

The device 102D optionally includes driver or receiver
circuits 128D for transferring control information between
the device 102D and the device 104D via link(s) 114D,
where the control information provides an indication of
transitions in the bandwidth mode. As discussed above, such
an indication is employed to dynamically synchronize
changes in the bandwidth mode employed at a given point
in time by the devices 102D and 104D. The link(s) 114D
comprise one or more sideband links or some other type of
link (e.g., CA links).

The calibration circuit 124D optionally updates calibra-
tion-related information for any control links that are dis-
abled. Calibration of disabled control links is provided, for
example, in an implementation that employs driver or
receiver circuits 128D that dynamically enable and disable
links 114D to provide different bandwidth modes for trans-
ferring control information between the devices 102D and
104D.

The device 102D optionally includes a control circuit
116D that corresponds to the control circuit 116C of FIG.
1C. Thus, in some implementations, the control circuit 116D
generates control signals 118D for controlling the steering
circuit 122D and driver circuits (and, optionally receiver
circuits) of the device 102D. In addition, in some imple-
mentations, the control circuit 116D generates the control
information 120D that is sent to the device 104D or pro-
cesses the control information 120D that is received from
the device 104D.

High-Level Operation Examples

The flowchart of FIGS. 2 and 3 describes sample high-
level operations that a memory controller device and a
memory device perform to support a dynamic bandwidth
scheme as taught herein. Briefly, blocks 202-206 of FIG. 2
represent a call flow loop at the memory controller device
and/or the memory device whereby in response to a par-
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ticular trigger, either a bandwidth switch operation, a link
calibration operation, or a memory access operation is
commenced. These operations are triggered, for example, by
receipt of a signal, by expiration of a timer, by an interrupt
mechanism, or by a polling mechanism. In response to such
a trigger, a given operation is performed autonomously (e.g.,
by a state machine or other circuitry) or conditionally (e.g.,
upon invocation of a software function or other suitable
function).

For convenience, the operations of FIGS. 2 and 3 (or any
other operations discussed or taught herein) are described as
being performed by specific components (e.g., the compo-
nents of FIG. 1) in some instances. It should be appreciated,
however, that these operations may be performed by other
types of components and using a different number of com-
ponents. It also should be appreciated that one or more of the
operations described herein may not be employed in a given
implementation.

Block 202 of FIG. 2 relates to determining whether a
change in bandwidth modes is called for and, if so, invoking
the operations of FIG. 3 to accomplish this change. A change
in such an operational mode is triggered at the system level
in some cases. For example, a mode change is triggered
directly by a command from an application in some embodi-
ments. In other embodiments, a mode is selected by the
operating system in response to observed characteristics
(e.g., automatically based on memory usage statistics or
another parameter exhibited by an application or activity).

The memory controller device determines whether a
change in bandwidth needs to be made based on a corre-
sponding indication provided at the memory controller
device. Such an indication indicates that an associated
system on a chip (SoC) is transitioning from a high power
mode to a low power mode or vice versa in some cases. In
some implementations, this indication takes the form of a
signal that the memory controller device receives (e.g., from
another component of an SoC) wherein the signal is indica-
tive of the change in power mode. The receipt of such a
signal triggers certain bandwidth switching-related actions
at the memory controller device such as, for example, the
generation of enable control signals, serializer control sig-
nals, and other signals at appropriate times. In some imple-
mentations, a change in power mode is indicated by a
change in the state of a register value. Upon detecting this
change in state (e.g., by polling the register), appropriate
bandwidth switching-related actions are triggered at the
memory controller device.

As represented by block 208 of FIG. 3, upon determining
that a change in bandwidth is indicated, the memory con-
troller device sends an indication of this bandwidth change
to the memory device. In some implementations, the
memory controller device sends an opcode or other infor-
mation indicative of a transition from a low bandwidth mode
to a high bandwidth mode or vice versa to the memory
device via a control bus (e.g., a CA bus). In other imple-
mentations, the memory controller device sends an indica-
tion of such a transition to the memory device via a sideband
signal path.

In either case, the memory device determines that a
change in bandwidth needs to be made based on the receipt
of the indication from the memory controller device. Upon
receipt of this indication, appropriate bandwidth switching-
related actions (e.g., the generation of control signals) are
triggered at the memory device.

As represented by block 210, depending on whether the
change in bandwidth is from a high bandwidth mode to a
low bandwidth mode or vice versa, the operational flow
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proceeds to either block 212 or block 216, respectively, to
configure the memory controller device and the memory
device for the new bandwidth mode. Delays may be
employed at these devices to ensure that any data transfer
operations associated with the previous bandwidth mode are
completed before the devices are reconfigured for the new
bandwidth mode. In addition, the memory controller device
delays for an appropriate period of time after sending the
indication of block 208 to ensure that the memory device is
aware of the change in bandwidth mode.

For a transition to a low bandwidth mode, as represented
by block 212, the memory controller device and the memory
device disable a designated subset of the control and data
links. In addition, as represented by block 214, the memory
controller device and the memory device activate the appro-
priate serialization or deserialization functionality to send or
receive information in series over the enabled link(s) rather
than the disabled links.

For a transition to a high bandwidth mode, as represented
by block 216, the memory controller device and the memory
device re-enable any previously disabled control and data
links. In addition, as represented by block 218, the memory
controller device and the memory device redefines the
serialization or deserialization functionality so that informa-
tion will be sent in greater distribution, across all of the
links.

Block 204 of FIG. 2 relates to determining whether
disabled links need to be calibrated and, if so, performing the
calibration operations of block 220. These operations are
triggered, for example, by a timer or other signaling mecha-
nism that ensures that the calibration operations are per-
formed with sufficient frequency or at a designated time. For
example, in some implementations calibration operations
are performed on a repeated basis (e.g., periodically) for
each enabled link to ensure that the signal timing of the link
is properly compensated for changes in propagation delay
(or other parameters) due to temperature drift or some other
dynamic condition. Moreover, calibration operations are
performed for each disabled link using, for example, one of
the calibration operations described below at FIGS. 5-8.
Typically, the link calibration operations are performed at
the memory controller device. However, these operations
are performed at some other entity (e.g., at the memory
device) in some cases.

Block 206 of FIG. 2 relates to determining whether a
memory access is to be performed and, if so, conducting this
access at the currently designated bandwidth. This operation
is triggered at the memory controller device, for example, as
a result of receiving a memory request from a processing
entity (e.g., received from a component of an associated SoC
or received from processor residing on another integrated
circuit).

As represented by block 222, to commence a memory
access, the memory controller device sends appropriate
control information (e.g., a memory command and associ-
ated address) to the memory device. As discussed in more
detail below, this control information will be sent over the
control links that are enabled for the current bandwidth
mode. Upon receipt of this control information, the memory
device commences appropriate operations to service the
memory access. Accordingly, as represented by block 224,
the memory controller device and the memory device trans-
fer the data designated by the memory request over the data
links that are enabled for the current bandwidth mode.

Detailed Memory System Example

A detailed example of a memory controller device and a
memory device incorporating the teachings herein will now
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be described with reference to FIG. 4A and FIG. 4B,
respectively. For purposes of illustration, sample operations
of these components are described for a configuration where
both the data links and the control links operate in either a
high bandwidth mode or a low bandwidth mode, and where
calibration is provided for disabled links. It should be
understood based on the discussion above that the details of
FIGS. 4A and 4B are also applicable to implementations that
employ a different configuration.

FIGS. 4A and 4B depict an embodiment of a memory
system 100 where a memory controller device 402 (FIG.
4A) communicates with a memory device 404 (FIG. 4B) via
a control bus 406 and a data bus 408. In accordance with
conventional techniques, the memory controller device 402
sends command and address information over the control
bus 406 to the memory device 404 to initiate a data transfer
on the data bus 408.

The control bus 406 and the data bus 408 each comprise
a set of four links in this embodiment. Each of these links is
individually enabled and disabled (e.g., by enabling/dis-
abling the transmitter and receiver for the link) based on the
current power mode in the system 100. For example, in some
embodiments the memory controller device 402 resides
within an SoC (not shown) that supports multiple power
modes. In such a case, the SoC operates in a high power
mode when processing requirements are high (e.g., a com-
putationally intensive user application is running) and oper-
ates in one or more lower power modes when processing
requirements are lower (e.g., no or few user applications are
running). A signal indicative of the current power mode is
provided to components of the SoC so that these compo-
nents will take action to reduce their power consumption, if
needed. In response to changes in such a signal (not shown),
the memory controller device 402 and the memory device
404 dynamically change the bandwidth used on the control
bus 406 and the data bus 408. As discussed in more detail
below, a change in this bandwidth causes a corresponding
change in power consumption at these devices.

FIGS. 4A and 4B also depict information flow for two
bandwidth modes and examples of components that provide
functionality for switching between these bandwidth modes.
Bit-wise link enable circuits (e.g., individually controllable
driver and receiver circuits) are employed to enable all four
links on each bus during a high bandwidth mode and disable
three of the four links on each bus during a low bandwidth
mode in the illustrated example. Disabled link calibration
circuits are employed to calibrate disabled links during the
low bandwidth mode using one of several calibration
schemes described herein. Serializer and deserializer circuits
are employed to route information in parallel over all four
links during the high bandwidth mode and route information
in series over the single enabled link during the low band-
width mode. For example, FIGS. 4A and 4B illustrate
control packets 410 being sent in parallel over the control
bus 406 during the high bandwidth mode and control
packets 412 being sent in series over the control bus 406
during the low bandwidth mode. Similarly, data packets 414
are sent in parallel over the data bus 408 during the high
bandwidth mode and data packets 416 are sent in series over
the data bus 408 during the low bandwidth mode. As
discussed below, the above link enable, link calibration, and
serializer-related functionality is typically implemented
within other components (e.g., a PHY and a steering circuit
or multiplexer) of a memory controller device and a memory
device.

As mentioned above, the references herein to sending
information in parallel and in series are relative in nature.
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That is, some serialization of the data bits of a packet is
typically employed to send the packet over a bus irrespective
of the current bandwidth mode. For example, in the high
bandwidth mode, a 20 bit packet is sent in five successive
4-bit wide transfers over CA0-3 (or DQO-3). Thus, some
serialization is employed at the memory controller device
402 to provide the 5 successive bits on each link. Con-
versely, in the low bandwidth mode, a 20 bit packet is sent
in 20 successive 1-bit wide transfers over a single line (e.g.,
CAO0). Thus, the low bandwidth mode involves “more”
serialization than the high bandwidth mode. In addition, a
reference herein to sending information in parallel (i.e.,
concurrently over a set of parallel links) means that the
information as a whole (e.g., an entire packet) is sent at least
partially in parallel.

At the memory controller device 402, a mode control
circuit 418 generates control signals 420 for controlling the
bandwidth switching functionality based on a power mode
indication (or some other suitable indication) at the memory
controller device 402 (e.g., based on signal received from an
SoC component). For example, upon receiving an indication
that the system 400 is a high power mode, the control signals
420 are set to a state that configures the link enable and
serializer-related circuits of the memory controller device
402 to support high bandwidth information transfers to and
from the memory device 404. Conversely, upon receiving an
indication that the system 400 is a low power mode, the
control signals 420 are set to a state that configures the link
enable and serializer-related circuits to support low band-
width information transfers to and from the memory device
404.

Several of the control signals 420 control the operation of
a bit-wise enable circuit 422 that selectively enables and
disables driver circuits for the links (CA0-CA3) of the
control bus. A separate control signal is provided for each
driver circuit on each control link. Thus, all of the control
links may be enabled for the high bandwidth mode and any
one of the control links may be disabled for the low
bandwidth mode. The operational flow described in FIGS.
4A and 4B involve a scenario where the low-bandwidth
mode enables Y4 of the links and disables 34 of the links.
Other embodiments may utilize a different ratio, such as
Ya-15, 8-, etc.

Some of the control signals 420 control the operation of
a serializer circuit 424. During the low bandwidth mode, the
serializer circuit 424 serializes (i.e., provides for increased
serialization of) the data bits output by a control buffer 468
on parallel links so that these data bits are output by the
serializer circuit 424 over a relatively smaller number of
links. During the high bandwidth mode, the serializer circuit
424 passes the data bits without this added serialization (i.e.,
the serializer circuit 424 receives and outputs the data bits
over the same number of links). In the example shown in
FIG. 4A, the control buffer 468 outputs a set of four control
packets 410 in parallel on four control links. Three of the
control signals 420 control latches that latch the control
packets 410 for the bottom three control links (CA1-CA3) at
a specified point in time. Another one of the control signals
420 controls a multiplexer to output the control packet for
the topmost control link and the latched control packets in
sequence on the CAO control link.

Another subset of the control signals 420 control the data
path section of the memory controller device 402. To reduce
the complexity of FIG. 4, the details of the serializer/
deserializer circuits for the data path are only shown for the
read direction. It should be appreciated that serializer/dese-
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rializer circuits similar to those shown for the control path
are employed for the data path for the write direction.

Several of the control signals 420 control the operation of
a bit-wise enable circuit 426 that selectively enables and
disables receiver circuits for the links (DQO-DQ3) on the
data bus. A separate control signal is provided for each
receiver circuit on each data link. In the current example, all
of the data links are enabled for the high bandwidth mode
and three of the data links are disabled for the lower
bandwidth mode. It should be appreciated, however, that the
system 400 is operable with any combination of enabled and
disabled links.

Some of the control signals 420 control the operation of
a serializer/deserializer circuit 428. The serializer/deserial-
izer circuit 428 deserializes the read data output by the
bit-wise enable circuit 426 during the low bandwidth mode
and passes the data bits without this added serialization
during the high bandwidth mode. During the low bandwidth
mode, the bit-wise enable circuit 426 outputs a set of four
data packets 416 in series on the DQO data link. In this case,
three of the control signals 420 control latches that latch
three of these data packets in sequence. Another one of the
control signals 420 controls a multiplexer to output the
latched packets on the bottom three data links (DQ1-DQ3)
at a specified point in time to provide a data packet 414 in
parallel for the data buffer 430. Thus, the four data packets
416 that were received by the serializer/deserializer circuit
428 sequentially on DQO are provided in a more distributed
manner across DQO-DQ3 (one packet on each link) to the
data buffer 430.

At the memory device 404 of FIG. 4B, a mode control
circuit 432 generates control signals 434 for controlling
bandwidth switching functionality. As discussed herein, the
control signals 434 are generated based on a bandwidth
mode indication (e.g., an opcode) received from the memory
controller device 402 and decoded by a control decoding
circuit 436. Based on the state of the control signals 434, the
link enable and serializer-related circuits of the memory
device 404 are configured to support high or low bandwidth
information transfers to and from the memory controller
device 402.

The control bus path for the memory device 404 is similar
to the receive data path for the memory controller device 402
described above. Thus, several of the control signals 434
control the operation of a bit-wise link enable circuit 438
that selectively enables and disables receiver circuits for the
links of the control bus 406. In addition, several of the
control signals 434 control the operation of a deserializer
circuit 440. In the example of FIG. 4B, during the low
bandwidth mode, the deserializer circuit 440 deserializes a
set of four control packets received by the bit-wise enable
circuit 438 in series on the CAO link. Again, three of the
control signals 434 control latches and one of the control
signals 434 controls a multiplexer to provide a control
packet 412 in parallel for the control decoding circuit 436.

The read data bus path for the memory device 404 as
depicted in FIG. 4B is similar to the transmit control bus
path for the memory controller device 402 described above.
Thus, several of the control signals 434 control the operation
of a bit-wise enable circuit 442 that selectively enables and
disables drive circuits for the links of the data bus 408. In
addition, several of the control signals 434 control the
operation of a serializer/deserializer circuit 444 that serial-
izes a set of four read data packets 416 that are output in
parallel by a memory array 446 during the low bandwidth
mode. Three of the control signals 434 control latches and
one of the control signals 434 controls a multiplexer to
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output the data packets in series on the DQO data link during
the low bandwidth mode as shown in FIG. 4B.

With the above in mind, examples of information flow
during high and low bandwidth modes and during band-
width mode switching operations will now be described in
more detail. Initially, a description of the flow of control
information and data during the high bandwidth mode is
provided. Next, the process of configuring the memory
controller device 402 and the memory device 404 for the low
bandwidth mode is described, followed by a description of
the flow of control information and data during this low
bandwidth mode.

In conjunction with the memory controller device 402
initiating a memory access operation, a control (e.g., com-
mand/address) buffer 468 outputs control information (here-
after referred to as the control packets 410) destined for the
memory device 404. In this context, the term packet refers
to a set of bits that include one or more defined bit fields for
different types of information. In a sample implementation,
the memory controller device 402 invokes a read operation
by sending a set of three packets. Each of these packets is a
defined number of bits (e.g., 12 bits) in length. The first
packet includes, for example, a bit field for the command
(e.g., an opcodes corresponding to a read command), a bit
field for a bandwidth mode indication, a bit field for a row
address, a bit field for a bank address, and spare bit fields as
necessary. The second packet includes, for example, a bit
field for a first portion of the column address and spare bit
fields. The third packet includes, for example, a bit field for
a second portion of the column address, a bit field for other
information, and spare bit fields. The memory controller
device 402 transmits the packet over the control bus 406 by
sending certain bits over certain links in succession (e.g.,
every third bit goes on CA0). Since the bit fields in a given
type of packet are always in the same place within the
packet, in some implementations the memory controller
device 402 always sends a given bit in a packet via the same
CA link. Thus, the memory device can always expect to see,
for example, the bandwidth mode indication on the same
control link (e.g., CA0). Upon receiving the packets asso-
ciated with a given operation, the memory device 404 parses
the information from the bit fields to identify the requested
operation, the target address, and any other operational
parameters specified for that operation.

In the high bandwidth mode, the control packets 410 are
routed in parallel over four links to the bit-wise link enable
circuit 422 that drives the control bus 406. Also during this
mode, all of the links of the control bus 406 are enabled such
that the control packets 410 are routed in parallel over the
control bus 406 as shown in FIG. 4A. The bandwidth mode
indication insertion circuit 448, the serializer circuit 424,
and the disabled link calibration circuit 450 do not have any
substantive effect on the control packets 410 during the high
bandwidth mode.

At the memory device 404, the control packets 410 are
received by the bit-wise link enable circuit 438. Again, all of
the links are enabled for the high bandwidth mode. As
shown in FIG. 4B, the control packets 410 are routed in
parallel over four links to the control decoding circuit 436.
The deserializer circuit 440 does not have any substantive
effect on the control packets 410 during the high bandwidth
mode.

The control decoding circuit 436 processes the received
control information to determine what action is to be taken
by the memory device 404. For example, upon receipt of a
write or read command, the control decoding circuit 436
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takes action to commence the transfer of data to/from a
specified memory address from/to the memory controller
device 402.

For purposes of explaining a data transfer during the high
bandwidth mode, it is assumed that the control packets 410
comprise a read command. In this case, the memory array
446 outputs read data (hereafter referred to as the data
packets 414) to be sent to the memory controller device 402.
The data packets 414 are routed in parallel over four links to
the bit-wise link enable circuit 442 that drives the data bus
408 during a read operation. During the high bandwidth
mode, all of the links of the data bus 408 are enabled such
that the data packets 414 are routed in parallel over the data
bus 408 as shown. The serializer/deserializer circuit 444
does not have any substantive effect on the data packets 414
during the high bandwidth mode.

Atthe memory controller device 402, the data packets 414
are received by the bit-wise link enable circuit 426. As
shown in FIG. 4A, the data packets 414 are routed in parallel
over four links to the data buffer 430. The serializer/
deserializer circuit 428 and the disabled link calibration
circuit 452 do not have any substantive effect on the data
packets 414 during the high bandwidth mode.

In the event there is a need to switch to the low bandwidth
mode (e.g., as indicated by a transition to a lower power
mode by an SoC), the mode control circuit 418 changes the
state of the control signals 420 to indicate the new band-
width mode. This change in state will, in turn, result in
reconfiguration of the link enable circuits, the serializer-
related circuits, and the link calibration circuits of the
memory controller device 402 as discussed below.

Initially, however, upon receiving an indication of a
change in the bandwidth mode (from high to low or vice
versa), the bandwidth (BW) mode indication insertion cir-
cuit 448 inserts an indication of this bandwidth mode switch
into a control signaling path to cause this indication to be
delivered to the memory device 404. The insertion of the
indication may be achieved in various ways including, for
example, inserting the indication into a buffer (e.g., a com-
mand queue) or using a multiplexer to switch the indication
into a control signal path. In FIG. 4B, the BW mode
indication (represented by the solid black packet 454) is
shown as being inserted into the control bus path. For
example, in some implementations the indication takes the
form of an opcode that is interpreted by the control decoding
circuit 436 of the memory device 404. It should be appre-
ciated, however, that in other implementations such an
indication is sent to a memory device via some other path
(e.g., via one or more sideband signals) and/or destined for
some other control circuit of the memory device 404.

Advantageously, the BW mode indication is sent to the
memory device 404 via a link that is always enabled (e.g.,
the CAQ link). In this way, regardless of the current band-
width mode, the memory device 404 will be able to receive
this indication.

After the BW mode indication has been sent to the
memory device 404, the link enable circuits, the serializer-
related circuits, and the link calibration circuits of the
memory controller device 402 are reconfigured to support
low bandwidth information transfers to and from the
memory device 404. Specifically, the link enable circuits
422 and 426 disable the bottom three links of the control bus
406 and the data bus 408, respectively. In addition, the
serializer circuit 424 is configured to serialize all control
packets for transmission over the remaining enabled link,
while the serializer/deserializer circuit 428 is configured to
serialize data packets destined for the memory device 104
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and deserialize read data packets received from the memory
device 404. Finally, the link calibration circuits 450 and 452
are configured to calibrate the disabled links using a speci-
fied algorithm.

Referring now to the operations of the memory device
404, the BW mode indication sent over the control bus 406
is received by the control decoding circuit 436 in a similar
manner as discussed above for the control packets 410.
Upon receiving this indication, the control decoding circuit
436 changes the state of the control signals 434 to indicate
the new bandwidth mode (e.g., the low bandwidth mode).
This change in state will, in turn, result in reconfiguration of
the link enable circuits and the serializer-related circuits of
the memory device 404. Specifically, the link enable circuits
438 and 442 disable the bottom three links of the control bus
406 and the data bus 408, respectively. In addition, the
deserializer circuit 440 is configured to deserialize all con-
trol packets received via the remaining enabled link, while
the serializer/deserializer circuit 444 is configured to seri-
alize read data packets destined for the memory controller
device 402 and deserialize write data packets received from
the memory controller device 402.

An example of an information transfer over the control
bus 406 and the data bus 408 for the low bandwidth mode
will now be described. As mentioned above, the top link of
each bus remains enabled and the other links are disabled in
this mode.

In conjunction with commencing a memory access, the
control buffer 468 outputs control packets 412 in parallel
over the four links. In this case, the serializer circuit 424
serializes the control packets 412 onto a single link corre-
sponding to CAQ. The bit-wise link enable circuit 422 then
sends the control packets 412 in series over the enabled CAO
link of the control bus 406. The control packets 412 are
received by the bit-wise link enable circuit 438 on CAO and
forwarded to the deserializer circuit 440. The deserializer
circuit 440, in turn, sends the control packets 412 in parallel
to the control decoding circuit 436 via the four links as
shown. The control decoding circuit 436 processes the
received control information to determine what action is to
be taken by the memory device 404 as discussed above for
the high bandwidth mode.

Assuming that the control packets 412 comprise a read
command, the memory array 446 outputs write data (here-
after referred to as the data packets 116) to be sent to the
memory controller device 402. The serializer/deserializer
circuit 444 receives the data packets 416 in parallel via the
four links and serializes these data packets onto a single link
(corresponding to DQO). The bit-wise link enable circuit 442
sends the data packets 416 in series over the enabled DQO
link of the data bus 408. The data packets 416 are received
by the bit-wise link enable circuit 426 and forwarded to the
serializer/deserializer circuit 428. The serializer/deserializer
circuit 428, in turn, routes the data packets 416 in parallel to
the data buffer 430 via the four links as shown.

Note that above description of FIGS. 4A and 4B involves
an implementation in which the data bus 408 is bidirectional
and internal buses carrying the packets 414 and 416 in the
memory controller device 402 and the memory device 404
are also bidirectional. In other embodiments, the data bus
408 is bidirectional, but the internal buses carrying the
packets 414 and 416 in the memory controller device 402
and the memory device 404 are unidirectional. That is, there
is one bus for read data (traveling from the memory device
404 to memory controller device 402) and there is one bus
for write data (traveling from memory controller device 402
to memory device 404). This reduces the turnaround penalty
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when switching between read transactions and write trans-
actions, but will otherwise operate in a manner similar to the
above description.

Depending on the selected calibration scheme, calibration
is performed for the disabled links from time to time during
the low bandwidth mode. For example, as discussed in more
detail below in conjunction with FIG. 5, some embodiments
employ enabled link based calibration (cal.) 456 for the
disabled control links and enabled link based calibration 458
for the disabled data links. In this case, calibration informa-
tion generated for an enabled link is used to calibrate a
disabled link. As discussed in more detail below in conjunc-
tion with FIG. 7, some embodiments employ periodic
enablement based calibration 460 for the disabled control
links and periodic enablement based calibration 462 for the
disabled data links. In this case, a disabled link is tempo-
rarily enabled on a periodic or other basis so that a calibra-
tion operation is performed on that link. It should again be
appreciated that because “live” data is potentially being
transmitted concurrently over enabled links, the disabled
link may be temporary enabled and calibrated with little to
no impact to live data transmissions; “dummy data” used for
calibration would in this event be transmitted in parallel with
the live data (and potentially even in an opposite direction
within the same bus, e.g., the same set of links). As discussed
in more detail below in conjunction with FIG. 8, some
embodiments employ pre-enable based calibration 464 for
the disabled control links and pre-enable based calibration
466 for the disabled data links. In this case, a disabled link
is enabled just prior to a switch to a higher bandwidth mode
so that the link is calibrated and ready for use when the
switch occurs.

Calibration Examples

Referring to FIGS. 5-8, disabled link calibration schemes
mentioned above will now be treated in more detail. For
purposes of explanation, these schemes are described below
as being implemented at a memory controller device. It
should be appreciated, however, that in other embodiments
these schemes are implemented at a memory device or some
other device.

FIGS. 5 and 6 relate to a calibration scheme that calibrates
a disabled link based on calibration information that was
generated for an enabled link. In this example, different links
are enabled in different modes of operation (e.g., different
bandwidth modes). Thus, upon switching to a given mode of
operation, the calibration scheme is employed to calibrate
any disabled links in that mode (e.g., by updating timing
adjustment information for each disabled link). Blocks 502
and 504 of FIG. 5 describe calibration operations that are
performed for enabled links (e.g., according to conventional
practice).

As represented by block 502, all of the control and data
links are enabled when the memory controller device is
operating in a first mode of operation (e.g., the highest
bandwidth mode).

As represented by block 504, in implementations where
the links are operated at a high signaling rate (e.g., above 1
Gbit/sec), it is necessary in some cases to repeatedly cali-
brate each link to compensate for temperature drift or any
other conditions that affect signal timing on the link. For
example, in some implementations a calibration operation is
performed on each link on a periodic basis (e.g., every 100
milliseconds) to ensure that certain timing requirements are
met. In some implementations, the calibration operation for
each link consists of sending calibration data (e.g., a cali-
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bration pattern) to a memory device via the link whereupon
the memory device loops back the calibration data. The
phase of the looped-back data is then compared with the
phase of the transmitted data. Based on this comparison,
calibration information is provided for adjusting a transmit
phase offset (e.g., a timing adjustment value) that is applied
to data that is transmitted on the link and for adjusting a
receive phase offset (e.g., a timing adjustment value) that is
applied to data that is received on the link.

Different types of calibration operations provide different
types of calibration information. In some cases, a full
calibration operation (i.e., a longer operation) generates a
new value from scratch (e.g., an absolute value) that speci-
fies the value to be used to adjust the timing on a link. In
some cases, a shorter calibration operation is performed
(e.g., at designated intervals in between full calibration
operations) to estimate the drift in calibration. This drift
estimate is then used to update the current timing adjustment
value (e.g., by incrementing or decrementing the current
value).

As represented by block 506, at some point in time the
memory controller device switches to a second mode of
operation (e.g., a lower bandwidth mode). Consequently, as
represented by block 508, at least one of the links will be
disabled while one or more other links are enabled.

As represented by block 510, in implementations where
the enabled links are being regularly calibrated, it is also
desirable to regularly calibrate any disabled links. In this
way, upon re-enabling the disabled link, the calibration
information used to calibrate the disabled link may be
sufficiently up-to-date whereby, upon re-enablement, the
link is either used immediately without the need for any
further calibration or used after a short delay for a relatively
minor calibration adjustment. Accordingly, by providing
calibration for the disabled link, a latency penalty that would
otherwise be incurred upon re-enabling the link is avoided or
otherwise mitigated to a considerable degree. The operations
of block 510 and 512 are thus invoked for a given link once
that link is disabled. Such a calibration scheme is particu-
larly advantageous in an implementation where the links are
highly similar (i.e., where the links comprise adjacent,
conductive traces that are co-routed).

As represented by block 512, a disabled link is calibrated
based on calibration information that is provided for an
enabled link. For example, in a case where a data bank
comprises four links DQO0-DQ3, DQO may be enabled while
DQ1-DQ3 are disabled. In this case, a periodic calibration
conducted for DQO generates new calibration information
for every instance of the calibration operation. In this case,
each instance of the calibration information generated for
DQO is used to calibrate DQ1, DQ2, and DQ3. Advanta-
geously, through the use of this calibration scheme, the
calibration for a disabled link is kept up-to-date without
re-enabling the disabled link.

The sharing of calibration information from an enabled
link to a disabled link is accomplished in different ways in
different types of calibration schemes. For example, in
implementations where the calibration information (e.g., an
adjustment value) for each link is stored in a calibration
register for that link, the sharing of calibration information
involves storing the new value calculated for the enabled
link in the calibration register for the enabled link and in the
calibration register for the disabled link in some cases.

In some calibration schemes, the sharing of calibration is
done on an absolute basis. That is, the calibration value (e.g.,
timing adjustment value) for the enabled link is used directly
by a disabled link. Thus, the absolute calibration value used
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for the enabled link is also used for the disabled link in this
case. In some calibration schemes, the sharing of calibration
is done on a relative basis. In this case, the difference in the
calibration value for the enabled link (relative to a baseline
value for the enabled link) is added to the baseline value of
the disabled link. Thus, a relative value that is based on the
absolute calibration value used for the enabled link is used
for the disabled link in this case. Typically, the baseline
values for the enabled and disable links are established at the
point the system transitions from one mode (e.g., a high
bandwidth mode) to another mode (e.g., a low bandwidth
mode); i.e., the last point at which the disabled link was
operating normally (i.e., when the link was enabled).

FIG. 6 illustrates a simplified example of a link calibration
circuit 602 employed for calibrating a disabled link using the
calibration scheme of FIG. 5. The link calibration circuit 602
is implemented in a state machine, in a processor (e.g., that
executes a software routine or other suitable routine), in
some combination of these, or in some other manner.

At various points in time, the link calibration circuit 602
invokes link calibration operations for the different links in
the system. Two instances of these operations for links 0 and
N are represented in FIG. 6 by the link 0 calibration
operation 604 and the link N calibration operation 606,
respectively. To reduce the complexity of FIG. 6, the sharing
of calibration information is only depicted from link 0 to link
N. It should be understood, however, that similar mecha-
nisms as those described would be employed to share
calibration information from link 0 to other disabled links.

As discussed herein, a given instance of the link calibra-
tion operation invokes calibration loopback control that
causes a calibration pattern (e.g., that was loaded into a
transmit/receive buffer 622) to be transmitted on a link. This
instance of the link calibration operation generates calibra-
tion information (e.g., a phase adjustment value) based on
the looped-based calibration information received on the
link at the transmit/receive buffer 622.

For the case where both the link 0 and the link N are
enabled, calibration information (designated as TX adjust-
ment and RX adjustment) is generated for each link by the
corresponding instance of the calibration operation and
stored in corresponding timing adjustment value registers
608 and 610. In this case, the multiplexer function repre-
sented by the multiplexer 612 (e.g., implemented as a logical
operation), causes the calibration information generated by
the link N calibration operation 606 to be stored in the
register 610 as a result of the enabled state of the link N
enable signal.

The adjustment values stored in the registers 608 and 610
are provided to phase adjust circuits in the signal paths for
the link 0 and the link N. Specifically, a transmit adjustment
value for the link 0 is stored in a phase adjust circuit 614 for
the transmit path and a receive adjustment value for the link
0 is stored in a phase adjust circuit 616 for the receive path.
Similarly, for the link N, a transmit adjustment value is
stored in a phase adjust circuit 618 for the transmit path and
a receive adjustment value is stored in a phase adjust circuit
620 for the receive path. In this way, signals transmitted and
received over the links are phase adjusted by an amount that
is based on the corresponding adjustment values.

For the case where the link 0 is enabled and the link N is
disabled, calibration information is periodically generated
for the link 0 but not for the link N. However, the calibration
information for the link 0 is stored in both registers 608 and
610. In this case, the multiplexer function represented by the
multiplexer 612 causes the calibration information gener-
ated by the link 0 calibration operation 604 to be sent to the
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register 610 as a result of the disabled state of the link N
enable signal. As discussed herein, in some implementations
the calibration information generated by the calibration
operation 604 is an absolute value while in other implemen-
tations this calibration information is a relative value. In the
former case, the absolute value is simply stored in the
register 610. To support the latter case, the link calibration
circuit 602 is depicted as optionally including a relative
value function 626 (e.g., comprising arithmetic logic) that
adds the received relative value to a baseline value (e.g.,
stored in the register 610) to provide a final timing adjust-
ment value that is then stored in the register 610 to control
the corresponding phase adjust circuit 618 or 620. As the
link 0 is periodically calibrated to compensate for tempera-
ture drift and/or other conditions, the link N will be peri-
odically calibrated as well. Thus, when the link N is re-
enabled, the calibration information stored in the register
610 is sufficiently up-to-date such that the link N com-
mences operation with little or no additional calibration. As
a result, the link N commences carrying traffic almost
immediately (e.g., within a few clock cycles) after the
memory controller device switches to a higher bandwidth
mode that uses the link N. Note that a “long™ calibration
sequence can be performed when all links are enabled, such
that relative transmit and receive phases can vary over time
link-by-link; in a low bandwidth mode where “short” cali-
bration sequence updates are “copied” from enabled links,
such an operation effectively freezes the relative phases of
the various links, with “delta” changes causing phase
updates in all links in a group to move together.

FIG. 7 relates to a calibration scheme that involves
temporarily enabling a disabled link to calibrate the link.
The operations of FIG. 7 are invoked for a given link once
that link is disabled.

As represented by block 702, at some point in time, the
memory controller device determines that a calibration
operation for a disabled link is to be performed. In some
implementations, this operation is scheduled to be invoked
on a periodic basis.

As represented by block 704, the link is temporarily
enabled for the calibration operation. This involves, for
example, turning on driver circuits and receiver circuits for
the link at the memory controller device. In addition, the
memory controller device sends an appropriate indication
(e.g., an opcode) to the memory device to inform the
memory device that this link needs to be temporarily
enabled for a calibration operation. As a result of receiving
this indication, the memory device will enable the link from
its perspective and configure the link to loopback the cali-
bration pattern, if applicable.

As represented by block 706, a calibration test is per-
formed on the link. This involves, for example, looping back
a calibration pattern over the link, determining a phase
difference based on the looped-back pattern, and providing
calibration information based on the phase difference. As a
specific example, a memory controller sends a command to
a memory device via a control bus to instruct the memory
device to loopback a specified link that is temporarily
enabled. The memory controller transmits non-live data
(e.g., dummy data such as a calibration pattern) over the
temporarily enabled link and receives the looped-back data
after a short propagation delay. Based on this propagation
delay and/or other characteristics of the received signal, the
memory controller determines an appropriate timing adjust-
ment value (e.g., an absolute or incremental value) for the
link.
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As represented by block 708, the phase calibration for the
disabled link is adjusted based on the calibration information
generated at block 706. For example, a phase adjustment
value is loaded into a calibration register for the link as
discussed above.

As represented by block 710, upon completion of the
calibration operation, the link is disabled again to reduce the
power consumption of memory controller device and the
memory device during the low bandwidth mode. In some
implementations, the memory controller device informs the
memory device that the calibration operation is completed or
that the link should be disabled. In other implementations,
the memory device autonomously determines when to dis-
able the link from its perspective (e.g., based on a timer
and/or after looping back the calibration pattern).

The scenario of FIG. 7 illustrates that in some embodi-
ments a system will calibrate a link (e.g., disabled link N)
that is not carrying live data (e.g., actual user data) while
another link (e.g., enabled link 0) is transmitting live data. In
this case, the disabled link carries dummy data (e.g., non-
user data such as a calibration pattern), as previously noted.

FIG. 8 describes a calibration scheme where link calibra-
tion is performed shortly before a disabled link is re-enabled.
The operations of FIG. 8 are invoked for a given link once
that link is disabled.

As represented by block 802, at some point in time, the
memory controller device determines that a calibration
operation for a disabled link is to be performed. In some
implementations, the memory controller device receives an
indication of an upcoming transition to a higher bandwidth
mode that uses the disabled link. This indication takes the
form of, for example, a signal that indicates that the system
(e.g., an SoC) is transitioning to a higher power mode.

As represented by block 804, the link is temporarily
enabled for the calibration operation. This involves, for
example, turning on appropriate circuits for the link at the
memory controller device and sending an appropriate indi-
cation to the memory device as discussed above at block
704.

As represented by block 806, a calibration test is per-
formed on the link. This involves, for example, performing
the operations discussed above at block 706.

As represented by block 808, the phase calibration for the
disabled link is adjusted based on the calibration information
generated at block 806. In some implementations, this
involves loading a phase adjustment value into a calibration
register for the link.

As represented by block 810, upon completion of the
calibration operation, the link is left in an enabled state in
anticipation of the upcoming transition to a different mode
of operation (e.g., a higher bandwidth mode) by the memory
controller device.

Detailed Implementation Examples

Referring now to FIGS. 9-13, additional details relating to
bandwidth switching timing and circuitry for link enable-
ment, link calibration, and serialization gearing will be
described in the context of a memory system that employs
16 DQ links and 3 CA links.

FIG. 9 illustrates a memory system 900 that includes a
memory controller device 902 and a memory device 904. A
bus interface between the memory controller device 902 and
the memory device 904 includes a 3-bit control bus CA[0-2],
a 16-bit data bus DQ[0-15], a clock bus (CK), a sideband
link bus (SL), and a reset bus (RST). In this embodiment, the
internal CA bus is 24 bits wide, resulting in an external CA
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width of 3 links, using a serialization of 8:1 to match that
used by the data links. This embodiment could be modified
to provide a second embodiment that uses an internal CA bus
that is 32 bits wide, resulting in an external CA width of 4
links, using a serialization of 8:1 to match that used by the
data links. This second embodiment would require more CA
links, but would provide more CA bandwidth. This could be
a good tradeoff in some applications.

The memory controller device 902 includes a memory
controller 906, a steering circuit 908, and a physical inter-
face (PHY) 910.

The memory controller 906 provides conventional
memory controller functionality such as memory request
queuing, memory request arbitration, clock generation, pro-
cessor-side interface circuitry, and so on. The memory
controller 906 also provides functionality relating to
dynamic bandwidth switching as taught herein. For
example, the memory controller 906 may receive a power
mode indication from another component (e.g., an SoC
component) and provide a bandwidth mode signal 922 based
on the power mode indication. Also, in some implementa-
tions, the memory controller 906 performs calibration-re-
lated operations (e.g., initiating and performing a link cali-
bration test and outputting calibration adjustment
information). As another example, the memory controller
906 provides bandwidth mode indications for the memory
device 904 (e.g., by generating opcodes and inserting the
opcodes onto the CA[O] link).

The steering circuit 908 couples the data (DQ), command
and address (CA), and other ports of the memory controller
906 to the physical interface 910. In some aspects, the
steering circuit 908 comprises multiplexer (MUX) function-
ality for selectively routing signals to/from different paths.
Accordingly, the steering circuit 908 provides functionality
relating to dynamic bandwidth switching such as the seri-
alizer and deserializer functionality discussed herein.

FIG. 9 illustrates an implementation where the steering
circuit 908 includes an enable/multiplexer control compo-
nent 912 that generates control signals (represented in a
simplified manner by the dashed lines) to enable the serial-
ization gearing and link enable circuitry. For example, the
enable/multiplexer control component 912 generates control
signals similar to those described in FIG. 4 based on the
bandwidth mode signal 922. In other implementations, some
or all of this functionality is implemented in some other
component (e.g., the memory controller 906 and/or the
physical interface 910).

The physical interface 910 includes circuitry (e.g., driver
circuits, receiver circuits, buffers, and connectors) to drive
signals onto the CA, DQ and other busses and/or to receive
signals via these busses. The physical interface 910 also
provides functionality relating to dynamic bandwidth
switching as taught herein. For example, the physical inter-
face 910 is configured so that each link of the CA and DQ
busses is individually controllable (e.g., each driver circuit
and receiver circuit is independently enabled and disabled).
In a typical implementation, the physical interface 910
includes calibration circuits (e.g., phase adjust circuits) for
each link. Also, some of the serializer and deserializer
functionality described herein is implemented in the physi-
cal interface 910 in some implementations.

The memory device 904 includes a memory core 914, a
steering circuit 916, and a physical interface (PHY) 918. The
memory core comprises one or more memory arrays. These
arrays are co-located on one integrated circuit in some
embodiments and located on different integrated circuits
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(e.g., for an implementation where the memory device 904
is a memory module) in other embodiments.

The steering circuit 916 couples the data (DQ), command
and address (CA), and other ports of the memory core 914
to the physical interface 918. In general, the steering circuit
916 performs signal routing, serialization, deserialization,
multiplexing and other operations similar to the steering
circuit 908. The steering circuit 908 is also depicted as
including an enable/multiplexer control component 920 that
generates control signals (represented in a simplified manner
by the dashed lines) to enable the serialization gearing and
link enable circuitry at the memory device 904. In this case,
however, control signals are generated based on an indica-
tion (e.g., an opcode) received from the memory controller
device 902 via the CA[0] link.

The steering circuit 916 also includes loopback circuitry
(not shown) for looping back various types of information.
For example, loopback circuitry is provided for each link to
selectively loopback calibration data for calibration opera-
tions in some implementations.

In general, the physical interface 918 includes circuitry
similar to the physical interface 910 for driving and receiv-
ing signals on the CA, DQ and other busses. In addition, the
physical interface 918 provides link enable functionality and
other functionality relating to dynamic bandwidth switching
as discussed above. In the embodiment of FIG. 9, most or all
of the calibration circuitry is located in the PHY block 910
of the memory controller device 902, with little or no
calibration circuitry located in the PHY block 918 of the
memory device 904. In other embodiments, more of the
calibration circuitry is placed in the PHY block 918 of the
memory device 904.

In some implementations, the sideband links (SL) are
used to support dynamic bandwidth operations. In this case,
the memory controller 902 sends the bandwidth mode
indication over these links instead of CA[0]. Also, in some
implementations, these links are used to signal transitions
between calibrated and uncalibrated operating modes on the
CA, DQ, and CK links.

The memory system 900 is configurable to operate at
different signaling rates. By controlling clock rates and
through the use of appropriate signal path calibration and
parallel termination for the links, the physical interfaces 910
and 918 selectively support signaling rates of, for example,
800 Mbits/second, 1600 Mbits/second, 3200 Mbits/second,
or even higher signaling rates. For a given signaling rate,
however, the frequency of the clock signal on the clock bus
(CK) is not changed when there is a switch between band-
width modes. The dynamic bandwidth scheme taught herein
may be employed in such a system to provide high band-
width memory accesses at any of these signaling rates when
needed, and provide reduced power consumption by dis-
abling one or more links when lower memory access band-
width will suffice. As used herein, a parallel terminated link
refers to a link that has a termination element (e.g., a
resistor) placed in parallel with a load that is, in turn,
coupled between the link and another link or reference (e.g.,
ground). Thus, parallel termination differs from series ter-
mination where the termination element is in series with the
link. Typically, a parallel termination element is placed near
the end of a link (e.g., at, near, or within a receiver connected
to an endpoint of the link).

In one implementation, the DQ links are grouped in sets
of four (e.g., DQ[0:3], DQ[4:7], DQ[8:11], and DQ[12:15]),
whereby one link is each group remains enabled in the low
bandwidth mode. For example, during a low bandwidth
mode CA[0], DQ[0], DQ[4], DQI[8], and DQ[12] are
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enabled while the rest of the CA and DQ links are disabled.
As discussed above, a given one of CA[0], DQ[0], DQ[4],
DQ[8], and DQ[12] will operate at a common (i.e., the same)
signaling rate for the low and high bandwidth modes. This
implementation is an example of a situation where links
need not be individually controlled. For example, in some
implementations three links in each set (e.g., DQ[1:3] are
controlled as a group such that these three links are either all
enabled or all disabled at the same time, while the other link
(e.g., DQJ[O0]) remains enabled at all times. This is accom-
plished, for example, through the use of fixed wiring that
permits only these two states for this set of links.

It should be appreciated that other bandwidth modes may
be provided for the system 900. For example, half of the DQ
links and two of the CA links remain enabled during a half
bandwidth mode. In addition, % of the DQ links and two of
the CA links remain enabled during a % bandwidth mode.

The CA and DQ links of FIG. 9 may be disabled in
various ways. For example, in some embodiments the clocks
for serializer and deserializer circuits in the physical inter-
faces 910 and 918 are disabled or frozen. In addition, or
alternatively, DC power for the receivers (e.g., receiver
circuits), transmitters (e.g., driver circuits), and parallel
terminations in the physical interfaces 910 and 918 is
disabled (e.g., cutoff) in some embodiments.

The power savings achieved through the use of a link
disabling scheme as taught herein are comparable to the
power savings achieved by a scheme that simply reduces the
signaling rate on the links. For example, a scheme that
reduces the signaling rate by ¥4 reduces the AC power of the
global clock distribution by % and reduces the AC power of
serializer and deserializer circuits by Y4. However, the DC
power for termination, transmitters, and receivers is
unchanged in the rate reduction scheme. In contrast, a
scheme that disables 4 of the links as taught herein reduces
the DC power for termination, transmitters, and receivers by
V4 and reduces the AC power of serializer and deserializer
circuits by 4. However, the AC power of the global clock
distribution is unchanged in the link disabling scheme.

FIG. 10 illustrates, in a simplified manner, how the
dynamic bandwidth scheme is employed for the CA links
and one set of the DQ links of the system 900. Although
DQJ4:7], DQ[8:11], and DQ[12:15] are not depicted in FIG.
10, these links will operate in a similar manner as DQ[0:3].
The high bandwidth mode is employed for the first 8
memory access operations (e.g., read operations). Thus,
CAJ0:2] are used to carry control traffic and DQ[0:3] are
used to carry data traffic. The low bandwidth mode is
employed for the next 3 memory access operations. CA[1:2]
and DQJ[1:3] are disabled, leaving only CAJ[0] to carry
control traffic and DQJ[0] to carry data traffic. In this case, the
control traffic is sent in series on CA[0] and the data traffic
is sent in series on DQ[0]. The high bandwidth mode is then
re-employed as above. With the high-level overview of FIG.
10 in mind, additional details of this information flow will
be described at FIGS. 11 and 12.

FIG. 11 illustrates timing and information flow for the
transition from the high bandwidth mode to the low band-
width mode. Initially, the read operation for C0 during the
high bandwidth mode is described in detail. CA-Tdata
represents the 24 bits of CA information output by the
memory controller 906. This CA information is clocked out
on CAJ[0:2]. CA-Rdata represents the 24 bits of CA infor-
mation received by the memory core 914 at its CA ports.
Since the command for C0 was a read command, the
memory core outputs 32 bits of read data Q(C0) on DQ-
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Tdata. This read data is clocked out on Q[0:3] and received
at the DQ ports of the memory controller 906 as represented
by DQ-Rdata.

Following the read command for C1, a transition to the
low bandwidth mode is commenced. The memory controller
device 902 inserts an opcode OP B14 onto the CA[0] link.
After a delay period (one PCK cycle in this case), CA[1:2]
are disabled. The DQ[1:3] links are not disabled, however,
until the data for the C0 and C1 commands is received at the
memory controller 906.

The subsequent read command for C2 is conducted during
the low bandwidth mode. Thus, memory controller device
902 serializes the RD C2 control information and sends it in
series over CA[0]. In addition, the memory device 904
serializes the corresponding read data Q(C2), and sends it in
series over DQ[O0]. In other words, in the high bandwidth
mode each 24-bit command is serialized in eight successive
transmission slots on each of three CA links. In the low
bandwidth mode each 24-bit command is serialized in 24
successive transmission slots on one CA link.

Advantageously, there is only a small delay associated
with the transition of the data bus from the high bandwidth
mode to the low bandwidth mode since DQ[0] was already
enabled and maintained the same signaling rate. Specifically,
the serial data transfer for the Q(C2) is commenced three
PCK cycles after the parallel data transfer for Q(C1) is
completed. Thus, for an implementation where PCK is 400
MHz, the latency associated with this bandwidth mode
switch is on the order of 2.5 nanoseconds, i.e., the time
needed to transmit the opcode “OP B14” which instructs the
interfaces to transition from the high bandwidth mode to the
low bandwidth mode. This time could be reduced to zero if
there were unused command fields in each command or if a
sideband signal was available to signal the transition.

FIG. 12 illustrates timing and information flow for a
transition from the low bandwidth mode to the high band-
width mode. The read operation for C1 occurs during the
low bandwidth mode as described in FIG. 11.

After the read command for C1 is sent over CA[0], a
transition to the high bandwidth mode is commenced. The
memory controller device 902 inserts an opcode OP B4l
onto the CA[0] link. The CA[1:2] and DQ[1:3] links are thus
re-enabled after the next PCK cycle. A brief period of time
is then allowed for stabilization of the re-enabled links and,
if applicable, calibration of the links.

The subsequent read command for C2 is conducted during
the high bandwidth mode. Thus, the memory controller
device 902 outputs the RD C2 control information in parallel
over CA[0:2]. In addition, the memory device 904 outputs
the corresponding read data Q(C2), in parallel over DQ[0:3].

Again, there is only a small delay associated with the
transition from the low bandwidth mode to the high band-
width mode. Specifically, the read command RD C2 is sent
three PCK cycles after the opcode OP B41 transfer is
completed, i.e. the time needed to transmit the opcode “OP
B41” which instructs the interfaces to transition from the
high bandwidth mode to the low bandwidth mode. This time
could be reduced to zero if there were unused command
fields in each command or if a sideband signal was available
to signal the transition. The time could be further reduced if
no stabilization or calibration operations were needed by the
disabled links to become re-enabled. Moreover, the parallel
data transtfer for Q(C2) is commenced immediately after the
(relatively) serial data transfer for Q(C1) is completed.
FIGS. 11 and 12 illustrate that a device implemented accord-
ing to the teachings herein can rapidly switch between
different bandwidth modes due to the elimination of opera-
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tions relating to changing signaling rates and performing
calibration at the time of the mode switch. For example, a
mode switch is accomplished without waiting for a settling
time that would otherwise be associated with a change in
signaling rate. In addition, calibration operations such as
looping back calibration information, calculating timing
information, updating timing registers, waiting for the tim-
ing adjustment to settle, and so on are performed prior to the
mode switch. Thus, a mode switch can be achieved as
quickly as the time it takes for the mode switch command to
be sent to another device in cases where the disabled links
are sufficiently calibrated and stable at the time of the mode
switch.

FIG. 13 illustrates a more detailed example of a circuit
1300 that provides the link enable, serialization, deserial-
ization, and calibration functionality used to dynamically
change memory access bandwidth as described herein. This
example illustrates a read path (top half of FIG. 13) and a
write path (bottom half) for DQ[0:3]. This circuitry is
employed at the memory controller device or the memory
device. It should be appreciated that the circuitry disclosed
herein is employed for the control path as well in some
embodiments. For example, the write path may be employed
at the memory controller device for sending CA information
over CA[0:2]. In this case, any illustrated circuitry that
would otherwise correspond to CA[3] may be reserved for
some other use or not used. In addition, the read path of FIG.
13 may be employed at the memory device for receiving CA
information via CA[0:2]. In practice, it is not necessary to
have phase adjust circuitry on both the transmitter side of a
link and the receiver side of the link. Rather, it is generally
sufficient to adjust one end or the other. Typically, the end of
the link at the memory controller device will have phase
adjust circuitry for both directions of bidirectional transfer
between devices. However, other link elements are cali-
brated at both ends of a link in some cases. For example,
termination elements located on each side of a link are
typically calibrated.

A control circuit 1302 generates control signals based on
a received bandwidth mode indication 1304 to control
serialization gearing for transitions between bandwidth
modes. For example, serialization gearing for the write path
is controlled by serializer control signals 1306, 1308, and
1310 that control latches 1312, tri-state drivers 1314, and a
multiplexer 1316, respectively. Serialization gearing for the
read path is controlled by serializer control signals 1318 and
1320 that control latches 1322 and multiplexers 1324,
respectively. Thus, the serialization gearing control aspect of
FIG. 13 corresponds to the control circuits and the serializer-
related circuits of FIG. 4.

The control circuit 1302 also generates bit-wise enable
signals based on the received bandwidth mode indication
1304 to control which DQ links are enabled for the different
bandwidth modes. For example, FIG. 13 illustrates a bit-
wise enable (read) signal that controls a receiver (e.g.,
comprising a receiver circuit and parallel termination) in the
DQO read adjust circuit 1326A. In addition, a bit-wise
enable (write) signal controls a transmitter (e.g., comprising
a driver circuit and series termination) in the DQO write
adjust circuit 1328A. Thus, the bit-wise link enable control
aspect of FIG. 13 corresponds to the control circuits and the
bit-wise link enable circuits of FIG. 4.

The control circuit 1302 also generates calibration signals
(e.g., timing adjustment values) to control the phase offset
applied to signals transmitted and received via the DQ links.
For example, based on each calibration operation performed
on the link DQO, a new adjust read clk signal is output to a
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phase adjust circuit in the DQO read adjust circuit 1326A.
This adjust read clk signal causes the phase adjust circuit to,
for example, increment or decrement the phase offset that is
applied to a received DQO signal by the 1:8 deserializer and
the level circuit in the read (receive) DQO signal path.
Similarly, based on each calibration operation performed on
the link DQO, a new adjust write clk signal is output to a
phase adjust circuit in the DQO write adjust circuit 1328A.
This adjust write clk signal causes this phase adjust circuit
to, for example, increment or decrement the phase offset that
is applied to a transmitted DQO signal by the level circuit
and the 8:1 serializer in the write (transmit) DQO signal path.

To reduce the complexity of FIG. 13, the circuits for the
other adjust circuits 1326B-D and 1328B-D are not shown.
For similar reasons, the bit-wise enable signals and the
adjust signals for the adjust circuits 1326B-D and 1328B-D
are not shown in FIG. 13. The circuits for the adjust circuits
1326B-D and 1328B-D are similar to the circuitry for the
adjust circuits 1326A and 1328A, respective, as are the use
of the bit-wise enable and adjust signals.

Combination Examples

The teachings herein may be implemented in a various
ways and different terminology may be employed to
describe various aspects of the above-described circuitry and
operations. FIGS. 14-16 describe sample structural compo-
nents and operations that are employed to provide a dynamic
bandwidth scheme as taught herein. In particular, these
figures illustrate implementations where several of the com-
ponents described above are combined in a single embodi-
ment.

In FIG. 14, a memory system 1400 includes a memory
controller apparatus 1402 and a memory apparatus 1404.
The memory controller apparatus 1402 includes a memory
controller 1406 that provides functionality corresponding to
the memory controller functions discussed above. Thus, the
memory controller 1406 generates CA information that is
sent to the memory apparatus 1404 via a set of control links
(e.g., a CA bus). In addition, the memory controller 1406
transmits/receives DQ information to/from the memory
apparatus 1404 via a set of data links (e.g., a DQ bus). Also,
the memory controller 1406 generates a bandwidth mode
signal as described herein.

A control circuit 1408 generates control signals 1410 for
controlling a steering circuit 1412 and a control interface
circuit 1414 in the control path. The control circuit 1408 also
provides control information (e.g., a bandwidth mode indi-
cation) that is routed via the steering circuit 1412 and the
control interface circuit 1414 to the memory apparatus 1404
via the control links. Similarly, the steering circuit 1412
provides at least some of the functionality described above
for the serializer circuits and/or the steering circuits. Also,
the control interface circuit 1414 provides at least some of
the functionality described above for at least one of: the
bit-wise link enable circuits, the physical interfaces, or the
write adjust circuits. As illustrated in FIG. 14, the control
interface circuit 1414 includes driver circuits 1416 (e.g.,
transmitters) as discussed herein.

The control circuit 1408 also generates control signals
1410 for controlling a steering circuit 1418 and a control
interface circuit 1420 in the data path. The steering circuit
1418 provides at least some of the functionality described
above for at least one of: the serializer/deserializer circuits
and/or the steering circuits. Also, the control interface circuit
1420 provides at least some of the functionality described
above for at least one of: the bit-wise link enable circuits, the
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physical interfaces, the write adjust circuits, or the read
adjust circuits. As illustrated in FIG. 14, the control interface
circuit 1420 includes driver circuits 1422 (e.g., transmitters)
and receiver circuits/parallel terminations 1424 as discussed
herein.

The memory controller apparatus 1402 also includes a
calibration circuit 1426 that provides calibration information
for calibrating the control links and data links. Accordingly,
the calibration circuit 1426 provides at least some of the
functionality described above for at least one of: the cali-
bration circuits, the disabled link calibration circuits, or the
control circuits.

The memory apparatus 1404 includes a memory array
1428 for storing data as discussed herein. Accordingly, the
memory controller apparatus 1402 transfers data to/from the
memory array 1428 via the data links by sending memory
access commands to the memory apparatus 1404 via the
control links.

A control circuit 1430 generates control signals 1432 for
controlling a steering circuit 1434 and a control interface
circuit 1436 in the control path. The control circuit 1430
generates the control signals 1432 based on control infor-
mation (e.g., a bandwidth mode indication) that is received
from the memory controller apparatus 1402 via the control
links. The steering circuit 1434 provides at least some of the
functionality described above for the deserializer circuits
and/or the steering circuits. Also, the control interface circuit
1436 provides at least some of the functionality described
above for at least one of: the bit-wise link enable circuits, the
physical interfaces, or the read adjust circuits. As illustrated
in FIG. 14, the control interface circuit 1436 includes
receiver circuits/parallel terminations 1438 as discussed
herein.

The control circuit 1430 also generates the control signals
1432 for controlling a steering circuit 1440 and a control
interface circuit 1442 in the data path. The steering circuit
1440 provides at least some of the functionality described
above for at least one of: the serializer/deserializer circuits,
the serializer circuits, or the steering circuits. Also, the
control interface circuit 1442 provides at least some of the
functionality described above for at least one of: the bit-wise
link enable circuits, the physical interfaces, the write adjust
circuits, or the read adjust circuits. As illustrated in FIG. 14,
the control interface circuit 1442 includes driver circuits
1444 and receiver circuits/parallel terminations 1446 as
discussed herein.

In some implementations, the memory apparatus 1404
includes a calibration circuit 1448 that provides calibration
information for calibrating the control links and data links.
Accordingly, the calibration circuit 1448 provides at least
some of the functionality described above for at least one of:
the calibration circuits, the disabled link calibration circuits,
or the control circuits.

Referring to the flowchart of FIGS. 15 and 16, an over-
view of several operations that are performed by the com-
ponents of FIG. 14 or other suitable components are
described. It should be appreciated that not all of these
operations will be performed in a given implementation.

As represented by block 1502, at some point in time, a
memory controller device provides an indication of a change
in bandwidth mode and/or an indication of a change in
whether signals are to be routed in parallel or series, and
sends this indication to the memory device via a control link.
For example, as discussed herein, the memory controller
device sends control information (e.g., an opcode) to the
memory device via a designated link of the CA bus.
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As represented by block 1504, the memory controller
device and the memory device generate control signals to
control transitions between bandwidth modes. For example,
the control circuits discussed above generate serialization
gearing control signals and link enable signals based on a
received indication (e.g., a received power mode indication
for the memory controller device and a received bandwidth
mode indication for the memory device).

As represented by block 1506, the memory controller
device and the memory device enable or disable links based
on the control signals generated at block 1504. For example,
power is cutoftf for the transmitter and the receiver of a
disabled link, and the transmitter and/or the receiver of an
enabled link is set to transmit and/or receive on the link.

As represented by block 1508, the memory controller
device and the memory device select between routing sig-
nals in parallel or in series on the links. For example, the
serialization gearing of the serializer and deserializer circuits
is configured based on which links (and corresponding
driver and receiver circuits) are enabled.

As represented by block 1510 of FIG. 16, the memory
controller device (optionally the memory device) configures
its calibration operations depending on the current band-
width mode. For example, a disabled link calibration pro-
cedure for certain links is activated during a lower band-
width mode.

As represented by blocks 1512 and 1514, a memory
access is performed in the current bandwidth mode. Thus, at
block 1512, the memory controller device sends control
information (e.g., CA information) for the memory access to
the memory device via the enabled control link(s). In a lower
bandwidth mode, the memory controller device serializes
the control information for transmission on a reduced num-
ber of control links and the memory device deserializes the
received control information.

At block 1514, the memory controller device and the
memory device exchange the data for the memory access via
the enabled data link(s). For a lower bandwidth mode write
operation, the memory controller device serializes the data
for transmission on a reduced number of data links and the
memory device deserializes the received data. For a lower
bandwidth mode read operation, the memory device serial-
izes the data for transmission on a reduced number of data
links and the memory controller device deserializes the
received data.

Through the use of the techniques described herein, a
system is able to efficiently switch between different power
modes without suffering a loss in performance due to the
latency issues that would otherwise result from changes in
data transfer bandwidth over calibrated and terminated sig-
naling links. Such a system may therefore be advanta-
geously employed in platforms such as mobile platforms
that have high processing requirements and critical power
constraints.

It should be appreciated that various modifications may be
incorporated into the disclosed embodiments based on the
teachings herein. For example, different link enablement
configurations may be employed in different embodiments.
The teachings herein may be employed in a memory system
that includes more than one memory controller device
and/or more than one memory device. Also, these compo-
nents may be implemented within other components such as,
for example, a processor, an SoC, a memory module, and so
forth. Moreover, the teachings herein may be implemented
in other types of apparatuses.

In a typical implementation, the memory controller device
and the memory device reside on different integrated cir-
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cuits. They may reside on the same integrated circuit in other
implementations, however. In various embodiments, an inte-
grated circuit takes the form of, for example, a single die, a
flip chip, a package mounting a die, or a package mounting
several dies.

A memory controller device (e.g., an integrated circuit
incorporating memory controller functionality) and a
memory device (e.g., an integrated circuit incorporating a
memory core) as taught herein may take various forms. For
example, a memory controller device may comprise a
memory controller chip, a processor chip that includes
controller functionality, an SoC, or some other suitable
device. In some aspects, a memory device may comprise a
semiconductor integrated circuit device that includes a set of
storage cells, which may collectively provide a memory
array or a portion of a memory array.

Examples of different memory types (i.e., memory tech-
nologies) that may be employed for a memory device in
accordance with the teachings herein include, without limi-
tation, volatile memory devices, nonvolatile memory
devices, flash memory, dynamic RAM (DRAM), resistive
RAM (RRAM), magnetoresistive RAM (MRAM), phase
change memory (PCM), and static RAM (SRAM). Various
characteristics of these memory types are configured to
facilitate using these memory types together over a shared
bus as taught herein in some cases. For example, in some
implementations the different types of memory use identical
protocols, signaling levels and pin outs. In other implemen-
tations, however, one or more of these characteristics will be
different between the different memory types.

A memory system as taught herein may be used in a
variety of applications. For example, such a memory system
may be incorporated into a portable device, a mobile phone,
a computer graphics card, a videogame console, a printer, a
personal computer, a server, a processing system (e.g., a
CPU device), or some other apparatus that utilizes data
storage.

It also should be appreciated that the various structures
and functions described herein may be implemented in
various ways and using a variety of apparatuses. For
example, an apparatus (e.g., a device) may be implemented
by various hardware components such a processor, a con-
troller, a state machine, logic, or some combination of one
or more of these components. In some aspects, an apparatus
or any component of an apparatus may be configured to
provide functionality as taught herein by, for example,
manufacturing (e.g., fabricating) the apparatus or compo-
nent so that it will provide the functionality, by program-
ming the apparatus or component so that it will provide the
functionality, or through the use of some other suitable
means.

In some embodiments, code including instructions (e.g.,
software, firmware, middleware, etc.) may be executed on
one or more processing devices to implement one or more of
the described functions or components. The code and asso-
ciated components (e.g., data structures and other compo-
nents by the code or to execute the code) may be stored in
an appropriate data memory that is readable by a processing
device (e.g., commonly referred to as a computer-readable
medium).

The recited order of the blocks in the processes disclosed
herein is simply an example of a suitable approach. Thus,
operations associated with such blocks may be rearranged
while remaining within the scope of the present disclosure.
Similarly, the accompanying method claims present opera-
tions in a sample order, and are not necessarily limited to the
specific order presented.
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The components and functions described herein may be
connected or coupled in various ways. The manner in which
this is done may depend, in part, on whether and how the
components are separated from the other components. In
some embodiments some of the connections or couplings
represented by the lead lines in the drawings may be in an
integrated circuit, on a circuit board or implemented as
discrete wires, or in some other way.

The signals discussed herein may take various forms. For
example, in some embodiments a signal may comprise
electrical signals transmitted over a wire, light pulses trans-
mitted through an optical medium such as an optical fiber or
air, or RF waves transmitted through a medium such as air,
etc. In addition, a plurality of signals may be collectively
referred to as a signal herein. The signals discussed above
also may take the form of data. For example, in some
embodiments an application program may send a signal to
another application program. Such a signal may be stored in
a data memory.

Also, it should be understood that any reference to an
element herein using a designation such as “first,” “second,”
and so forth does not generally limit the quantity or order of
those elements. Rather, these designations may be used
herein as a convenient method of distinguishing between
two or more elements or instances of an element. Thus, a
reference to first and second elements does not mean that
only two elements may be employed there or that the first
element must precede the second element in some manner.
Also, unless stated otherwise a set (or a subset) of elements
may comprise one or more elements.

The specific structural and functional details disclosed
herein are merely representative and do not limit the scope
of'the disclosure. For example, based on the teachings herein
one skilled in the art should appreciate that the various
structural and functional details disclosed herein may be
incorporated in an embodiment independently of any other
structural or functional details. Thus, an apparatus may be
implemented or a method practiced using any number of the
structural or functional details set forth in any disclosed
embodiment(s). Also, an apparatus may be implemented or
a method practiced using other structural or functional
details in addition to or other than the structural or functional
details set forth in any disclosed embodiment(s).

In view of the above, it will be understood that various
modifications may be made to the illustrated embodiments
and other embodiments as taught herein, without departing
from the broad inventive scope thereof. Accordingly, the
teachings herein are not limited to the particular embodi-
ments or arrangements disclosed, but are rather intended to
cover any changes, adaptations or modifications which are
within the scope of the appended claims.

What is claimed is:

1. An integrated circuit, comprising:

a data interface to communicate data with a memory

device using a plurality of data interface circuits; and,

a control interface to transmit a plurality of control

packets to the memory device using a plurality of
control driver circuits, the plurality of control packets
including a first indicator of a first subset of the data
interface circuits to be enabled and a second subset of
the data interface circuits to be disabled, the first
indicator to be transmitted in a first one of the plurality
of control packets in association with a first command
of a plurality of commands transmitted by the plurality
of control packets, at least a first one of the plurality of
commands including a read opcode in association with
the first indicator and at least a second one of the
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plurality of commands including an opcode indicative
of a bandwidth mode transition, where the read opcode
and the opcode indicative of a bandwidth mode tran-
sition are transmitted in a first bit field of the plurality
of control packets and the first indicator is transmitted
in a second bitfield of the first one of the plurality of
control packets.

2. The integrated circuit of claim 1, wherein a second
indicator transmitted in association with a second command
of the plurality of commands transmitted by the plurality of
control packets indicates the first subset of the data interface
circuits are to be enabled and the second subset of the data
interface circuits are to be disabled.

3. The integrated circuit of claim 2, wherein the second
command is not associated with a read operation and is not
associated with a write operation.

4. The integrated circuit of claim 2, wherein the plurality
of control packets comprise the second bit field for at least
the first indicator and the second indicator.

5. The integrated circuit of claim 4, wherein the second bit
field is not included in the read opcode.

6. A memory device, comprising:

a data interface to communicate data with a memory
controller using a plurality of data interface circuits;
and,

a control interface to receive a plurality of control packets
from the memory controller using a plurality of control
receiver circuits, the plurality of control packets includ-
ing a first indicator of a first subset of the data interface
circuits to be enabled and a second subset of the data
interface circuits to be disabled, the first indicator to be
received in a first one of the plurality of control packets
in association with a first command of a plurality of
commands, at least a first one of the plurality of
commands including a read opcode in association with
the first indicator and at least a second one of the
plurality of commands including an opcode indicative
of a bandwidth mode transition, where the read opcode
and the opcode indicative of a bandwidth mode tran-
sition are transmitted in a first bit field of the plurality
of control packets and the first indicator is transmitted
in a second bitfield of the first one of the plurality of
control packets.

7. The memory device of claim 6, wherein a second
indicator transmitted in association with a second command
of the plurality of commands transmitted by the plurality of
control packets indicates the first subset of the data interface
circuits to be enabled and the second subset of the data
interface circuits to be disabled.

8. The memory device of claim 7, wherein the second
command is not associated with a read operation and is not
associated with a write operation.

9. The memory device of claim 6, wherein the plurality of
control packets comprise the second bit field for at least the
first indicator and the second indicator.

10. The memory device of claim 9, wherein the second bit
field is not included in the read opcode.

11. A first integrated circuit, comprising:

a data interface to communicate data with a second

integrated circuit using a plurality of data links; and,

a control interface to communicate a plurality of control
packets with the second integrated circuit using a
plurality of control links, the plurality of control pack-
ets including a first indicator of a first subset of the data
links to be enabled and a second subset of the data links
to be disabled, the first indicator to be transmitted in the
plurality of control packets in association with a first
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command of a plurality of commands, at least a first
one of the plurality of commands including a read
opcode in association with the first indicator and at
least a second one of the plurality of commands includ-
ing an opcode indicative of a bandwidth mode transi-
tion, where the read opcode and the opcode indicative
of a bandwidth mode transition are transmitted in a first
bit field of the plurality of control packets and the first
indicator is transmitted in a second bitfield of the first
one of the plurality of control packets.

12. The first integrated circuit of claim 11, wherein the
plurality of control packets comprise a second bit field to
indicate the first subset of the data links to be enabled and
the second subset of the data links to be disabled.

13. The first integrated circuit of claim 11, wherein a
second indicator transmitted in association with a second
command of the plurality of commands transmitted by the
plurality of control packets indicates the first subset of the
data links to be enabled and the second subset of the data
links to be disabled.

14. The first integrated circuit of claim 13, wherein the
second command is not associated with a read operation and
is not associated with a write operation.

#* #* #* #* #*

10

15

20

36



